Some polymer blends and block copolymers : preparation and properties by Frederick R. Colley (7124873)
 
 
 
This item was submitted to Loughborough University as a PhD thesis by the 
author and is made available in the Institutional Repository 
(https://dspace.lboro.ac.uk/) under the following Creative Commons Licence 
conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
LOUGHBOROUGH 
UNIVERSITY OF TECHNOLOGY 
LIBRARY 
~\ ) AUTHOR i 
l. V>i i 
. ;" i ............................. -... -.. kQ .. ~.~.::f."T .......... E ..... t? .. , ....................•........................ j 
; J ' I COpy NO. 0 to ).. I ~ gO)... I 
•••• , .................. N •••• , ..... N ••••••••• _ ••• ······_· •••• _ ••••••••••••••••••••••••••• : •••••••••••••••• ~ .................................................. ! 
, 
, 
, VOl NO. CLASS MARK 
fOR REFERENCE NLY 
. 006213802 . -
~~111I1111~1111~11~1111~llllfllm~m~ . 
I 
I 
___________________________ 1
SOME POLYMER BLENDS AND BLOCK COPOLYHERS: 
PREPARATION AND PROPERTIES. 
AUTHOR: 
SUPERVISOR: 
FREDERICK ROGER COLLEY. 
DR. R. R. SMITH. 
A DOCTORIAL THESIS SUB~ITTTED IN PARTIAL FULFILMEh~ OF 
THE REQUIREMENTS FOR THE AWARD OF DOCTOR OF PHILOSOPHY. 
MARCH 1974 • 
. 
-LoUghbOrOugh uni"e"it~ 
of 1" ethnolo9V U'orory • 
-
- -- --- -- -- --------------------------------
ACKNOWLEDGEMENTS. 
The author wishes to thank Dr. R.R.Smith, Professor R.J.W.Reynolds 
'and the staff of the Institute of Polymer Technology for their 
continued help and ~uidance throughout the period of work for this 
thesis. The author would also like to thank the Science Research 
Council for the research studentship and the University in whose 
programme of research this project was undertaken. 
._._- .. _.- -.--~-----.- ._ .. _-------------------------------
iii. 
SUM}!.ARY. 
The solubility of polymers in caprolactam and laurolactam 
at 1500 C was studied, results being discussed in terms of 
polymer solubility parameters, hydrogen bonding and polyme:: 
crystallisation. 
Polymers soluble up to 10'~ by weight were dissolved in 
the monomers which were then polymensed by an anionic mechanism. 
Poly sUlphone and polycarbonate acted as cocatalysts in 
polymensation of caprolactam, copolymers being formed. For 
all the other polymers pOlymensation of the monomers resulted 
in polymer blends. 
The effects of catalyst concentration, polysulphone 
concentration and polymensation time on the preparation of 
polysulphone-polycaprolactam copolymers was studied. Copolymer 
composition, density and the molecular weights of the polysulphone 
components of the copolymers were determined. A reaction 
mechanism is proposed which agrees with other work published 
subsequent to the present study. 
Optical microscopy showed that the phase structure of the 
copolymers changed continuously as the poly sulphone concentration 
was increased. Phase inversion occured when the polysulphone 
concentration was increased from 5 to 10% by weight. Although 
the continuous phase appeared to be all polysulphone, staining 
showed it to contain some polycaprolactam. 
Some physical properties of the copolymers were compared with 
those of commercial nylon 6. The results indicated that they 
could be suitable for fibre forming. 
~~-~-.~--------------------------------------------, 
iv. 
Polymer blends were prepared by polymerising caprolaptam 
in the presence of polystyrene, impact styrene and S.B.S. 
thermoplastic rubber. POlycaprolactam homopolymers were 
prepared with various catalyst and cocatalyst concentrations. 
As the concentration of the second polymer in the blend 
was increased their appearance suggested that the components 
were incompatible. 
Optical microscopy showed that before· moulding, some of the 
dispersed phase particles contained polycaprolactam arising 
from inversion or inclusion during pOlymerisation. Moulding 
resulted in a more clearly defined two phase structure. 
Some physical properties of the blends were compared with 
those of the homopolymers. None of the blends had balances 
of properties which were as good as those of the homopolymers. 
Blends with polystyrene and impact styrene had the best tensile 
properties, those with thermoplastic rubber the best impact 
properties. The overall physical properties changed adversely 
as the concentration of the second polymer was increased, in 
line with the observed incompatibility of the components. 
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1. I~~RODUCTION. 
1:1 HISTORICAL~ 
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It is now generally accepted that most of the major advances 
in commercial polymers will be through improvements aswciated 
with existing polymers. Polymer blends are expected to play 
an important part in this development. A polymer blend is 
defined as a single entity of material containing within its 
boundary at least two thoroughly mixed polymers which are not 
extensively linked together by covalent bonds. 
Although the first recorded preparation of a polymer blend 
was in 19121 it was not until the late 1940's that they started 
to become commercially significant. One of the first commercial 
polymer blends, an impact resistant polystyrene containing 5% 
styrene-butadiene rubber, "as introduced by Dow Chemicals in 1948. 
Today both homogeneous and heterogeneous polymer blends have 
become established in the field of commercial polymers. Homogeneous 
blends are used primarily to improve processing and heterogeneous 
blends for imparting toughness. Both have been used to a lesser 
extent to reduce the amount of a.more expensive ~nterial. 
1:2 PREPARATION OF POr,YHt;R BLENDS. 
Polymer blends can be prepared in several ways and these include 
mechanical mixing on rubber mills or in extruders, by coagulation of 
mixtures of polymer latices and from mixtures of polymer solutions or 
dispersions, sometimes involving polymensation of one of the components. 
The simplest and most direct way of preparing polymer blends is by 
mechanical blending on a t"o roll mill or in a Banbury Mixer, or more 
recently by hot. mixing of powders followed by extrusion. 
-----------------------------------------------------------------------------------------------, 
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The nature of the resulting blends depends on the length 
of mixing, the shear forces in the mixing equipment and the 
rheological properties of the polymers. There is also the 
possibility of chemical effects produced by the mixing operation 
and it is well known that shearing polymers can result in chain 
scission. Not only does this generally affect the molecular 
weight, and hence change the properties of the individual 
components, it is also possible that the free radicals formed 
by chain scission can recombine to form block and graft copolymers. 
Angier and Watson2 have mixed polymers under severe- conditions 
and have analysed the products. Vlhen natural rubber and neoprene ,,,ere 
mixed at a low temperature, and under a high shear force, the product was found 
to contain a complex mixture of block, graft, and cross-li~~ed copolymers. 
This method of preparing polymer blends is used for systems 
in which little thermal degradation occurs and is used throughout 
industry for preparing rubber-rubber wixtures and also rubber-plastic 
blends, such as those of nitrile rubber (NBH) with polyvinyl chloride(F,V.C) 
\ihen the individual components can be obtained in latex form they 
may conveniently be mixed by blending the latices3,4 This is 
another of the important techniques used in the preparation of 
commercial polymer blends. In a latex the polymers are present 
as suspended micro spheres and interactions of neighbouring spheres 
is prevented by the suspending medium. This allows direct control 
of the particle size of the disperse phase without affecting the 
properties of the individual component phases. 
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After blending, the solid polymer blend is recovered by 
coagulation or spray drying. Polymer blends prepared by this 
method include polystyrene!styrene-butadiene rubbers (SBR) and 
acrylonitrile-butadiene-styrene (ABS) resins. 
After such treatment melt processing is often employed to 
produce forms such as pellets but precautions must be taken 
at this stage to avoid degradation or undue change in the state 
of subdivision. In some latex blended polymers,e.g. certain 
mixtures of rubbers with plastics, which at first seem to be 
homogeneous, the components may have such a low affinity for 
each other that separation occurs during this process, reducing 
the value of the product. 
It should also be possible to prepare polymer blends from 
homogeneous solutions of two polymers in a common solvent. 
There are difficulties in preparing homogeneous solutions, and 
also in recovering the solid polymer without destroying the 
structure of the blend. The solid polymer can be recovered 
by precipitation, by cooling, or the use of a non-solvent, or by 
drying. The solvent power of the solvent towards the two polymers 
will vary with temperature and it is unlikely that the precipitating 
effect of a non-solvent will be the same for both polymers. Cooling, 
and precipitation by the use of a non-solvent are therefore likely 
to lead to phase separation. Similar problems rr.ay also be encountered 
if the solvent is removed by drying but this technique should be more 
satisfactory than the other two. 
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Even though polymers must be comp~tible for the formation 
of a homogeneous solution, even more stringent conditions. 
are necessary for the retention of the mixed state during the 
recovery of the solid polymer. Despite these difficulties 
compatible polymer blends which can be prepared by this method 
include polyvinyl acetate (PVAc)/polymethyl methacrylate 
(PI·ll,:A)j nitrocellulose/PVAc and nitrocellulose/PI'U·lA i.e. as 
special lacquers or films. 
Other methods for preparing polymer blends produce two phase 
systems which are generally intended, in addition to providing 
good dispersion, to produce some copolymerisation. The less 
critic~l compatibility conditions for mixing a polymer with a 
10" molecular weight material, either monomer or a prepolymer, 
often makes it possible to blend incompatible homopolymers by 
the use of interpolymerisation reactions, yielding block or graft 
copolymers in a proportion sufficient to stabilise the dispersion 
of the system. 
The individu~l segments in block and graft copolymers are 
joined by primary valence boards, and because these segments can 
be extended themselves into similar, or the same type of homopolymer, 
corrvatibility between ~ free polymer and a block or graft copolymer 
can arise. Block and eraft copolymers are indeed used almost 
eXClusively in blends that require strong interf~cial adhesion. 
Systems containing graft copolymers have been prepared by 
dissolving a rubber in the monomer of a glassy polymer and then 
polymerising the solution in bulk, preferably with efficient 
agi tation.5 ,6 
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,This method may be varied by the addition of an inert solvent 
which will improve temperature control and ll'inimise viscosity 
build up. Another vlaY is to suspend the rubber-monomcr 
solution, often already carried to partial conversion, in a 
watery phase and to complete the polymerisation as an ordinary 
suspension polymerisation.7 ,8 It has been found that in order 
.to obtain appreciable grafting the dissolved polymer should have 
a high degree of unsaturation or analogous activity. 
Emulsion "overcoat" polymerisation, in which a monomer has 
been added, for 
to produce graft 
example to a rubber latex, has also been used 
9 10 
copolymers. ~ Provided there is no excess 
emulsifier graft copolymerisation should take place preponderently 
but it is doubtful whether grafting is ever achieved to this extent 
by standard production techniques. Such grafting procedures generally 
result in systems containing ungrafted rubber, a rubber-on-polymer 
graft and pure polymer. This situation has been shown to be the 
case for commercial ABS plastics. 11 
1:3 THERmDYNAMIC CONSIDERATIONS. 
A detailed thermodynamic treatment of polymer solubility in 
low molecular weigth compounds is given in chapter 2. The work 
on polymer solubility can be traced back to the theory of ideal 
solutions. The theory was modified to accommodate real solutions, 
and this in turn has been extended to include polymer solubility 
and the mixing of solid polymers. 
For mixtures of polymers the Gibbs free energy equation 
Still applies, 
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where A F)1 is the free enerEY of mixing 
t:. RN is the heat of mixing 
t:. 511 is the entropy of mixir>-t; 
-T is the absolute temperature. 
For the components of a polymer blend to be homogeneously 
compatible the free energy of mixing must be negative or 
zero. If it is positive a t'10 phase system will result. 
The entropy change for a mixing process is ahlays positive 
since mixing increases the randomness or disorder of the 
system. The entropy change depends on the number of molecules 
per unit volume which decreases with an increase in molecular 
size. For polymers, the entropy of mixing will be several 
orders of magnitude less than that for mixing equivalent r.asses 
of low molecular weight ~aterial.12 
Thus the sign of AFa will be strongly affected by the heat 
of mixing term ,.,hich remains approximately the same with 
increasing molecular weight. It is a function of the number 
of molecular unit contacts which remains nearly constant l1ith 
increase in molecular size. The heat of mixing term is a 
measure of the affinity of the ~olecular segments for their 
environment. A negative value indicates that heat is evolved 
during mixing, i.e. the two kinds of segments attract the other 
more than they attract their own kind. If AIII_l is posi ti ve mixing 
will only occur if it is less than, or equal to the entropy of 
mixing multiplied by T. A situati_on where AF1_l is negative is 
exceedingly rare in the case of polymer mixtures, the respective 
molecular sce;ments almost invariably preferrins their own environment. 13 
- ~-----
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14,15, 
Flory, proposed methods for calculating 6Fl1 from 
theoretical considerations and found it to be positive in all 
normal cases. Mixing will generally be an endotherwic process 
and polymer blends will generally be incompatible. 
Exceptions may arise when there are strong interactions such 
as polar associations or hydrogen bonding associated with 
fortuitous molecular geometries. These conditions provide 
for more favourable association energies which may give rise 
to compatible polymer blends. The effect of hydrogen bonding 
has been demonstrated by Smith and coworkers.16 They found 
that on mixing aqueous solutions of polyacrylic acid and 
polyethylene oxide a precipitate was formed which had properties 
intelligible in terms of molecular compatibility. 
Other pairs of polymers containing similar ether and carboxylic 
acid groups were also found to exhibit similar phenomena. The 
evidence supporting complex formation through co-operative 
hydrogen bonding is convincing e.g. the polymeric precipitate 
may be insoluble in water, forming clear flexible homogeneous 
films and having a high degree of ordering, indicated by X-Rays. 
If thermodynamic theories are to be applied to two phase 
polymer systems a quantitative means of predicting polymer 
compatibility in terms of easily measured properties of the 
polym~r is desired. One possibility is through the use of 
the solubility parameter'" 6 , which has proved useful in the 
study of polymer swelling and solub4 lity in 10H molecular Height 
liquids. 
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For a pair of non polar liquids the internal energy change 
upon solution is given by, 
b.E =<.\>1~2 (01 -62 )2 joules/cc of solution-------{-2) 
"here ~. s are the volume fractions of the components. If 
amorphous polymers are considered to be essentially liquids, 
and assuming that the volume change on mixing is negligible, 
equation (2) is an expression for the heat of solution since 
~H =~E------------(3) 
for constant volume, constant pressure processes. 
This equation, combined with equation (2) always gives a 
positive~H indicating that for non polar high polymers true 
solution will not Qccur unless the solubility parameters are 
almost perfectly watched since the T~S term is always small. 
Bohn17 has reviewed the literature on polymer blends and has 
listed pairs of polymers in tables under the headings compatible 
or incompatible respectively. He lists 13 compatible pairs 
and 46 incompatible pairs, but stresses that the compatibility 
or lack of it, is only considered to be established within the 
limits given in the tables. Also given in the tables are crude 
characterisations of the polarity of the two polymers and the 
differences in their solubility parameters. 18 
Bohn attempted to draw broader conclusions about the criteria 
necessary for polymer pairs to be compatible. He noted that, 
although the difference in the solubility parameters, ~di, 
for compatible pairs was small, there were many examples. of 
incompatible pairs for which this was also true. 
-9~ 
He questioned the validity of using values of the solubility 
parameters which have been determined indirectly from solubility 
data. 19 It has been suggested that more work should be carried 
out to determine the compatibility of polymer pairs as an exercise 
separate from the extensive studies w~de on polymer-polymer-solvent 
systems. 
Compatible polymer pairs were listed as either both polar or 
both non-polar, but this WaS also the Case for some incompatible 
pairs. It was noted that, in the case of polar partners, the 
polarity must be nearly the same to ensure molecular mixing, 
estimated in terms of the nature of the polar grouping and its 
dipole moment. 
All the compatible syste~s involved non-crystalline polymers 
but Bohn did not consider this surprising since situations 
involving heats of crystallisation must usually be strongly adverse 
in respect of molecular mixing. Practical evidence in the 
literature of compatible pairs involving crystalline polymers 
is lacking. 
Thermodynamic considerations therefore predict that the 
majority of polymer pairs will be'incompatible and their blends 
will have hID phase heterogeneous structures. 
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1:4 THE NATURE OF BLENDED SYSTEMB. 
Before discussing the methods which have been used to determine 
polymer compatibility it is useful to consider the question of 
polymer compatibility from thermodynamic considerations and what 
actually takes place on mol~cular and macromolecular scales 
when two high polymers are mixed. 
The thermodynamics of mixing indicate that there are three 
possible types of blended system. 
The first is where the components of the blend are completely 
compatible thermodynamically. Fluctuations in compr-sition 
of the blends are such that only electron microscopy can show 
that there may be variations over very small distances. All 
other test methods indicate that the blend has a homogeneous 
one phase structure. 
As the dimensions of the fluctuations in a blend increase 
a stage is reached where the components will be very near to the 
limits of thermodynamic compatibility, being almost completely 
compatible. If any of the test methods indicate that the 
components exhibit the properties of a two phase system then 
they are incompatible. The results obtained from the various 
test methods, such as 10\. angle X-ray or light scattering, 
depends on their sensitivity Idth respect to the blend being 
studied and no rules can be made. 
The third situation is where tile components of the blend are 
thermodynamically incompatible so that a definite twc-phase 
system is formed. I".any test rrethods will indicate that the 
blend consists of separate phases associated with interfaces and 
j 
sizeable dimensions. 
-------0------------ ---~ 
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It has already been indicated that many successful commercial 
polymer blends have definite tI,o phase structure and some 
have been sho,m to be multi phase in character. 
vlhen polymer molecules aI'''! mixed, even \<ith the application 
of heat and mechanical work, it is difficult to ill'.agine the 
molecules diffusing through the melt. Short distance 
interpenetration involving segments of polymer chains is 
conceivable but long distance migration of whole molecules 
through the matr:ix \<ithin the duration of the mixing process 
is highly improbable. The mixing equipment for polymer blends 
is large compared \<ith the'size of molecules so it is improbable 
that individual molecules are actually beingdisentangled during 
mixing. More likely, the volume elements in the blend \<hich 
are being mixed involve clusters of molecules containing many chains. 20 
Eventually mixing will reach an equilibrium state at which further 
mixing in the given equipment will not reduce the heterogeneity 
of the system. It is at this point that we need to consider the 
structure of the blend oompletely. It could be a heterogeneous 
blend with a two phase structure,.or the polymers w.ay be compatible 
enough, and sufficiently disperse, to give a blend which in many 
respects appearsto have a one phase homogeneous structure. It 
has been shown, and this will be discussed later that, although 
mechanical tests may show a blend to have a one phase homogeneous 
structure, such a situation is not decisive of a truly single 
phase situation. 
.. :--;-... -,,",-__ .. :-==~=====~=====~=-.-=~._=~=C=~"=_. 
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1:5 l-lETHODS USED TO DETERHlNE POLYNER COMPATIBILITY. 
The methods which have been used to determine polymer blend 
compatibility include (a) homogeneity of a solution containing 
tv/o or more polymers; (b) clarity of a film cast from a homogeneous 
solution. of a polymer blend; (c) dynamic mechanical measurements; 
(d) measuring the Tg of the blend where Tg is the glass transition 
temperature; (e) changes in the refractive index with temperature 
and (f) optical and electron microscopy. 
It is usually required that polymer compatibility be evidenced 
by at least tv/o methods. 
If the compatibility of a polymer pair is determined by 
their ability to form a homogeneous solution in a common solvent 
then phase separation means that they are incompatible. The 
classic experiments of Dobry and Boyer-KaV/enoki21 showed that, 
even in dilute solutions compatible pairs were a rare occurance.,-
Of the 35 paj.rs of polymers examined only four were found to be 
compatible. The results were represented in the now familiar 
triangular diagrams. From their results they wnde the following 
observations; (i) Compatibility is the exception and incompatibility 
the rule (ii) l<hen tl<O high polymers are incompatible in one 
solvent they are generally incompatible in other solvents (iii) the 
limits of phase separation depends on the nature of the solvent 
(iv) the higher the molecular weight, the less compatible are the t\<o 
polymers and more is the limit of phase separation shifted tOl<ards 
smaller concentrations; 
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(v) similarity of the principal chain is not sufficient 
to ensure the migibility of the polymers (vi) branched chain 
molecules do not have the same separation limits as linear molecules. 
Kern and Slocombe 13 have examined a further 21 pairs of 
polymers using Dobry's method but found only three compatible 
pairs, two of which had almost identical structures. Other 
22-24 . 
workers have stud~ed polymer-polymer-solvent systems and 
have found that their results and conclusions agree with those 
of Dobry. 
Films are frequently cast from dilute homogeneous solutions 
of two polymers in a common solvent to further test the 
compatibility. An opaque and crumbly film indicates incompatibility 
and a clear self su~porting film suggests better compatibility. 
Since there is a continuous change in clarity and opacity 
the transition from a crumbly to a self supporting state is 
also gradual and it is difficult to judge where compatibility 
leaves off and incompatibility begins. I-Ihereas translucency 
or complete opacity is a sure sign that more than one phase 
is present one may not simply conclude that transparent films 
means a homogeneous blend. There are cases where heterogeneous 
blends can give rise to clear films. If the films are very 
thin, regardless of the dispersed phase particle size, enough 
light encounters only one of the two phases in passing through- the 
material. Blends in which the particle size is small with respect 
to the wavelength of the light, such as block copolymers of styrene 
and acrylonitrile25 also give clear films. 
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The samE is true in two phase systems in \~hich the indices 
of refraction of the individual phases ar~ very close, as in the 
case with poly acrylate-polymethacrylate blends. 26 
Petersen and coworkers27 have used these first two criteria 
to study the compatibility of polymer blends. They decided 
further work was worthwhile because of the growth in the number 
of new homo and copolymers which had not been studied in 
solubility tests.· They wanted to produce an ultrathin polymeric 
membrane from a fully compatible polymer blend for use in hemodialysis. 
They used twenty different commercial homo and copolymers which, 
with the exception of polystyrene, all contained rather polar groups. 
Of over 150 polymer pairs studied only fourteen were compatible, 
and seven of these contained nitrocellulose. They thought that 
the results implied that nitrocellulose experienced a negative 
enthalpy of mixing towards other polymers. The remaining pairs 
of compatible polymers were heavily dominated by non-crystalline 
rubbery homopolymers and copolymers. Polymers that had tendencies 
towards crystallisation were incompatible with all other polymers 
with which they were paired, confirming the observations of Bohn. 17 
Dynamic mechanical measurements, determinations of glass transition 
temperatures and measurements of change in refractive index with temperature 
are methods which have been used, either individually or collectively 
to determine polymer blend compatibility. 
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Dynamic mechanical testins has been l.:sed intemdvely 1:y 
Nielson28 ,29 and Takayangi. 30 Basically it consists of 
subjecting a sample to an oscillating stress (or strain) and 
measuring the resulting strain (or stress) as a function of 
frequency and/or temperature. Two fundamental quantities are 
obtained from these tests, a storage modulus and a loss modulus 
or damping decrement. The former is a measure of the applied 
energy I-Ihich is elastically stored in the material and is related 
to the tensile modulus. The latter is a measure of the amount of 
applied energy which is dissipated i.e. converted to heat. When 
the damping curve for a polymer blend is compared with those for 
the blends components, a compatible blend will shol' a maximum between 
those of the parent· polymers. Incompatible polymer blends give bra 
damping maxima corresponding to those of the parent components. 
A useful method for deternining polymer blend compatibility is 
to determine the glass transition temperature of the blend. The 
glass transition temperature is a measure of the segmental mobility of 
a polymer, and as such it is sensitive to the environment of the segments. 
In the glassy state large scale moleCl,lar motion does not occur, rather 
atoms and groups of atoms move against the local restraints of secondary 
bond forces. The glass transition temperature corresponds to the onset 
of "liquid like motion" of much larger segments of molecules and 15 
characteristic of the rubbery state. If a polymer blend shows two 
distinct transitions, corresponding to those of the parent polymers, 
the components are incompatible. A single transition, between those 
of the components of the blend, shm;s that the polymers are compatible. 
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Normally, h~vlever, one does .not get either a sine;le sharp transition 
or two transitions. These represent extreme situations with the 
l'eal results falling bet\~een the two. There are several methods 
for determining glass transition temperatures and these include 
dielectric relaxation,31 nuclear resonance32 differential scanning 
calarimetry and differential thermal analysis33 and mechanical testing.34 
Measuring the index of refraction of a polymer· blend is another 
useful method for studying polymer blend compatibility. If the 
refracture index is measured over a range of temperatures it is 
possible to determine the glass transition temperature of the blend •. 
The theory and instrumentation are well discussed in books35 which 
also give tables of refractive indices for the common polymers. 
The instruments which are used to measuxe refractive index can 
be divided into three types, the Abbe, Pulfrich and dipping 
re fractomet ers. The Abbe refractometer is suitable for measuring 
the refractive index of solutions but difficulties arise with solids 
which are in the form of thin films. The problem is that it is 
difficult to mount the specimens although several modifications 
have been ~ade to try and overcome this. The Pulfrich refractometer 
overcomes this problem by mounting the film directly onto the mounting 
prism. The dipping refractometer is used to determine the refractive 
index between a standard and an unknown. All three refractometers are 
fitted with temperature controllers so that accurate measurements can 
be made at a standard temperature, or over a ranGe of temperatures. 
---~~~~~~~~~~~~~ 
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Inco~atible blends show two indices of refraction and 
two glass transition temperatures, compatible blends show 
one index of refraction and one glass transition temperature. 
If a blend shows only one index of refraction but two glass 
transition temperatures the components are incompatible. 
Either the dispersed phase particle size is. so sm~ll that light 
scattering does not occur or the refractive indices of the two 
polymers are almost identical. 
Jenke136 has described the use of refractive index-temperature 
relationships to determine polymer blend compatibility. From the 
results he was also able to determine the glass transition temperature 
of the blend which he used as a second test for compatibility. 
polymer blends were prepared from dilute chloroform solutions. 
Blends of polystyrene and styrene-methyl methacrylate copolymers 
gave films which were cloudy and coarsely dispersed. The glass 
transition temperatures and indices of refraction determined 
Solid 
for these blends correspondrlto those of the indiVidual components, 
indicating inco~atibility. Blends of polymethyl methacrylate and 
polyvinyl acetate on the other hand, gave clear films with a single 
index of refraction. However the blends showed t~IO glass transition 
temperatures corresponding to the individual components indicating 
a two phase system. As this was confirmed by dynamic mechanical 
measurements the dispersed phase particle size must have been such 
that light scattering did not occur. 
-18-
Bartenev37 has determined the glass transition temperatures 
of mill w~xtures of natural rubber and Russian SKB by plotting 
specific volume as a function of temperature. The glass transition 
temperature changed in a way that suggested a continually altering 
molecular environment, something which could only be achieved if 
the polymers were compatible. 
The best known example of a compatible polymer blend is the 
polyvinylchloride-butadiene/acrylonitrile (lffiR) system in which 
the compatibility is due to the strong interaction bet\;een the 
polar chloride and nitrile groups. Nielsen28 reported that 
these polymers were mutually soluble and that a technical mixture gave 
a single broad transition in a dyr.amic mechanical test. 
and Takayangi33 have produced compatible blends to support 
Nielsen's findings. Even so, conflicting evidence indicates 
that true 60lubility is only attained 
molecular \;eight and rubber copolymer 
over limited ranges of 
't' 39,40 compos], l.on. 
41 lYolf! and covlOrkers have reported another system which 
shows partial compatibility_ Blends of polyvinyl acetate with 
a vinylchloride/vinylacetate copolymer containing 5-10% vinyl 
acetate were prepared on a two roll mill. Dynamic mechanical 
measurements indicated that blends with ratios 60/40 and 20/80 
were compatible as only one damping maximum was observed. At 
interh'ediate ratios two peaks were observed but these did not 
correspond to the original components of the mixture. They 
explained these results in terms of a homogeneity gap for 
inter~ediate compositions. 
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Stoelting and 'oo,lorkers 42 found th"t Dlends of poly(2,6 
dimethyl - 1,4 phenylene ether) with atactic polystyrene gave 
two peaks in dynamic mecPBnical measurements corresponding to 
the parent polymers and indicating that the polymers were incompatible. 
lihen the glass transition temperature ';as measured by differential 
scanning calor-imetry only one peak was observed which indicated that 
the polymers were compatible. 
The experimental techniques descr-ibed so far confirm that polymer 
blends are thermodynamically compatible, incompatible or on the 
lir~ts of compatibility. Blends which are ther-modynamically compatible 
or incompatible exhibit the properties of a one phase homogeneous system 
or a two phase heterogeneous system respectively. For blends on the 
limi ts of ther-modynamic compatibility the results depend on the domain 
size and the sensitivity of the test method. If the components of 
a blend will not mix down to small sizes, and one of the test methods 
indicates a two phase syst,em, they are incompatible. All the test 
methods described so far indicate that some polymer blends exhibit 
properti'es of a compatible mixture with a single phase homogeneous 
structure. 
Optical and electron microscopy, which have proved to be invaluable 
in studying the structure of polymer blends, he,ve shoHn that all blends 
have tHo phase heterogeneous structures. The principles of optical 
and electron' microscopy are Hell described in books43 ,44 and in the 
literature 45,46 and Hill not be discl',ssed here. 
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Both forms of microscopy are used to determine the 
dispersed phase particle size of polymer blends, and also 
to determine which polymer forms the dispersed phase from 
refractive index measurements. If the refractive indices 
of the two polymers are almost identical staining techniques 
can be used to show tpe two phases. A phase contrast 
microscope has a lower limit of about 1.0[1 but modern electron 
microscopes can now go down to a few angstroms, which is much 
smaller than the domain size of polymer blends. 
Several different techniques have been used by workers using 
electron microscopy to study two phase polymer systems. Kat 047 
has used osmium tetroxide staining techniques to study ABS plastics. 
A similar technique has been used by Hatsu048 to study ABS plastics, 
high impact polystyrene and P.V.C.-rubber blends. A replica 
techirique has been used by Rovatti and Bobalek39 to study P. V.C. -
butadiene/acrylonitrile copolymer blends which were prepared 
with and witpJut talc fillers. Gesner49 has used acetone dispersions 
to study A.B.S.resins. Kato has also used the osmium tetroxide 
staining technique to study ABS plastics using optical microscopy • 
. Turley50 has used optical microscopy to study rubber reinforcement and 
Traylor51 has developed techniques to study polystyrene type polymers 
under phase contract microscopy. 
Of the methods discussed, dynamic i'lechanical measurements, glass 
transition temperature measurements and optical and electron microscopy 
give the most useful information on the compatibility of polymer blends. 
--------------- --------
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Thermodynamic predictions and experimentel observations show 
that when polymers of different chemical composition are mixed 
they will not intermix down to the molecular level. Although 
blends may show the properties of homogeneous blends in all 
other tests microscopy shows them to have two phase heterogeneous 
structures. Polymer compatibility can therefore be considered 
as a measure of the attractions of two polymers for each other, 
the greater the attraction the smaller will be the domain sizes 
of the blend. While polymer compatibility is important, it is 
not the only factor affecting the success of a polymer blend. 
There are many polymer blends lvhich rely on a definite tvlO phase 
structure for their success. 
1:6 THE DEVELOPMENr OF TWO PHASE POLYMER SYSTE~!s. 
Two phase polymer systems have become increasingly important 
over the last fifteen years. One of the major factors contributing 
to this has been the development of the rubber reinforced familY 
of polystyrenes. A review of the literature reveals the vast 
amount of work that has been published on these systems compared 
with other polymer blends. The aim of the ",ork was to improve the 
impact properties of styrene polymers without greatly affecting 
the good characteristics they already possessed. 'rhe ll'.ain developments 
and theories are summarised below and show that there is scope for 
some of the successful ideas to be extended to other systems, especially 
with the number of new polymers which have been introduced in recent years. 
-22-
The future of polystyrene as a commercial polymer "as 
still in the balance in the early 1940's.52 It 'IaS recognised 
as a potentially useful polymer because of its good appearance, 
stability, processibili ty and low cost but development was 
hampered by its poor impact properties. Attempts were made 
to improve the impact strength by increasing the molecular .,eight, 
the· use of fillers and the deliberate orientation of the polymer 
molecules but these produced only marginal improvements. 
Plasticisers were also tried but these had far too severe an 
effect on the softening point to be of any commercial use. 
A break-through came with the introduction of thestyrene- butadiene 
cppolymers. These extended the usefulness of polystyrene but were 
only partially successful in increasing the impact strength. It was 
not until the advent of the SER rubber-polystyrene blends. which 
transformed polystyrene into a tough, yet stiff material, tlli~t 
impact resistant polystyrenes became important co~~ercially. 
Polystyrene and rubber Can be blended in a number of ways. 
Originally the polymers were compounded on a two roll mill, 
in internal mixers or in extruders but the impact strength of 
the resultant blends were variable, and little better than that of 
unmodified polystyrene. Blending styrene-butadiene latex with 
polystyrene latex, followed by coagulation and drying has also been 
used but again the improvement was only ~8rginal. 
Today the common practice is to dissolve the rubber in styrene 
monomer and then polymerise the styrene in the usual way. 
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The resultant blend contains copolymer in which short 
polystyrene side chains are attached to a rubber backbone, 
as well as SBR and polystyrene homopolymer. This method was 
found to give the improvement in impact strength required by 
manufacturers to extend the usefulness of polystyrene. 
The development of the ABS plastics has been on similar lines 
to that for the impact polystyrenes. Several methods of preparation 
were tried before a blend with the desired properties was produced. 
The mechanical mixing or latex blending of styrene/acrYlonitrile 
copolymers with butadiene/acrylonitrile copolymers produced blends 
which showed little improvement in impact strength because of the 
partial compatibility of the two copolymers. The desired improvement 
in the impact strength was finally obtained by overcoat polymensation 
in emulsion of polybutadiene dispersions in water specially prepared 
with particle sizes in the region of o. 5 JA. 
The main interest in two phase systems is the ability of the 
dispersed particles of the rubbery phase to improve the impact 
.strength of the glassy matrix. The impact strength in this case 
is defined as the ability to withstand a shock loading without 
undergoipg brittle failure. 
The rubbers used in two phase impact systems have a high impact 
strength and a low modulus while the blends themselves have a modulus 
which is slightly lower than the glassy component alone, and a yield 
point below the ultimate tensile strength of the glass. 
After the yield point the blend shows ductile deformation, during 
wr~ch whitening occurs, up to the point of failure. 
In an early attempt to explain the impact properties of rubber 
reinforced polystyrene l1erz, Claver and Baer53 attributed the impact 
strength to the energy absorbing properties of the dispersed rubbery 
phase and postulated that most of the applied energy was absorbed 
by the particles. They pictured the rubber particles holding 
together the fracture surfaces of the continuous glassy phase beyond 
the yield point of the composite, thus preventing a crack passing 
through it, wr~ch \1ould lead to failure. 
Strella and Ne •• man54 have shown that this mechanism cannot explain 
the improved impact strength because the amount of energy which 
can be absorbed by the rubber particles at the point of failure is 
only a small fraction of the amount of energy actually absorbed. 
It should be noted, however, that the mechanism proposed by l1erz 
required that there \1as good adhesion bet\1cen the glassy and rubbery 
phases. 
Several workers have considered the effect of crack formation. 
Schmitt and Keskkula55 have taken photographs \1hich show that when 
a rubber modified polystyrene is strined microcracks are formed 
radiating from the rubber particles. Staverman56 using a similar 
. system, took photographs which suggested that the propogatinG' cracks 
were diverted by the rubbery particles, passing between, rather tr~n 
through them. Both groups of workers felt that the formation of a 
multiplicity of microcracks in the glassy phase could dissipate enough 
energy to account for the improved impact strength. 110re recent work 
has, however, indicated that microcrack forr.lation is not the major 
energy absorption mechanism in two phase impact systems. 
-25-
Roward and Mann57 and S~rella and Newman54 have sho,m that, 
in a two phase system which has been stretched beyond its yield 
point, essentially all of the deformation can be recovered by 
heating the material above the Tg of the continuous glassy phase. 
The deformation is due to the molecular orientation of the glassy 
phase and photographic evidence for this drawing in the 
neighbourhood of the rubber particles has been presented.57•58• 
Since such molecular orientation cannot take place below a 
polymer's Tg, particularly at the loading rates involved one, 
or both of two things must be occurring. Ei ther there is localised· 
heating of the glassy phase and/or a decrease in the Tg of the glassy 
phase. It has been suggested that the rubbery inclusions way act 
as stress concentrators, providing sufficient local working to 
raise the temperature enough to initiate drawing. Dynamic 
mechanical data indicates that, under shock loading conditions, 
a relatively large proportion of the energy applied is converted 
to heat which may contribute to raising the local temperature. 
Strella and lIewman54 discuss in detail the fact that a tensile 
stress on a material whose Poisson's ratio is less than 0.5 
results in an increase in free volume, and that increasing the 
free volume of a polymer decreases its Tg. In two phase impact 
systems the glassy phase has a Poisson's ratio of less than 0.5 
(often about 0.35), "hile that of the rubbery phase is about 0.5. 
If the rubbery and glassy phases are bound strongly enough at the 
particle interface to prevent separation and void formation, the 
rubber will tend to prevent the expansion of the surrounding glassy 
material, putting it under additional stress and further lo"ering the Tg. 
--------"---------------_ .... ---
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They show, with appropriate calculations that this mechanism 
can result in the initiation of drawing in the region adjacent 
to the rubber particles. 
Support for this theory has come from Bucknall and Smith.59 
They have presented photographic evidence for impact polystyrenes 
which shows that what had previously been considered to be 
microcracks were in fact crazes. These crazes, which are areas 
of highly orientated polymer interspersed by voids, are the same 
as those observed "hen untoughened polystyrene is strained. The 
presence of the rubbery particles shortens the individual crazes 
and greatly increases their number, and this in turn increases the 
fraction of glassy material converted to crazes. Thus, the high 
elongation and energy absorption in two phase impact polymers results 
from the drawing of the glassy phase to form a high percentage of 
crazed material. The familiar stress whitening which occurs is due 
to the difference in the refractive index of the orientated craze 
areas and the unorientated glass. 
The present concept of rubber reinforcement requires that the 
rubber particles be large enough to start and stop craze development, 
exhibiting typical rubbery properties with adhesion between the rubbery 
and glassy phases. This indicates the need for a minimum dispersed 
phase particle size which has been shown to be of the order of 0.1 to 
1 microns for effective reinforcement, depending on the character of 
the glassy matrix. If the heteroge~eity is reduced to molecular levels, 
as is the case with ordinary copolymers, or the affinity of the 
components is such that they are mutually soluble, the result it 
plasticisation and not an improvement in impact properties. 
-- - ~--~------_.- -.--,.--.---,~---------. -------------------------
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To obtain a successful two phase impact plastic an optimum 
compatibility between the phases must be achieved, great enough 
to provide the necessary adhesion at the rubber-glass interface, 
yet not so great that the discrete two phase character is destroyed 
by solubility. 
It was found that the most successful method for improving adhesion 
was to graft the glassy monomer onto the rubber backbone. The grafted 
side chain is quite compatible with the surrounding glassy phase, and 
is chemically bound to the rubber resulting in excellent adhesion. 
Bevilacqua 60 and H0I1ard and Mann57 have obtained electron micrographs 
of rubber latex particles covered by "lumps" of grafted glassy polymer •• 
Dynamic mechanical measurements can be used to distinguish between 
blends which do, or do not exhibit good impact properties. styrene-
butadiene copolymers and compatible blends of SBR and polystyrene, 
whose impact strength is only marginally better than polystyrene, exhibit 
one damping maxima which is intermediate between those of pure glass 
and the rubber. On the other hand, blends with good impact properties 
show two damping maxima, corresponding to the original components 
of the blend. 
Good impact strength in two phase systems also requires that the Tg 
of the rubbery component be well below ( about 40_500 C) its use 
temperature. Thus good low temperature impact properties require 
the use of a rubber with a low Tg. 
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Experiments on the toughening of polystyrene has not been 
restricted to styrene-butadiene rubbers. It is claimed61 -,62 
that a stereo regular cis 1-4 polybutadience is more effective 
in toughening polystyrene than SBR. The reasons for this 
greater effectiveness include a better balance of the compatibility 
factors, the lower Tg of the rubber (-100 instead of -55 for STIR), 
its greater resilience and -its higher reactivity t0l1ards grafting. 
Another interesting observation is that homopolymers noted for 
their good impact strength such as nylons, cellulose acetate, 
polyethylene and polycarbonate exhibit dynamic mechanical responses 
similar to those f~two phase impact plastics. TIobalek and Evens63 
shmled that the fracture surfaces of these materials had a heterogeneity 
similar to that observed with two phase impact plastics. They concluded 
that the requirement for good impact strength is the co-existence of 
a rigid (whether glassy or crystalline) and rubbery phases. 
Until recently, due to the amount of work which has been published 
on the styrene modified polymers, valuable work on other polymer blends 
has been overshadow~d. - 19 Rossen in a review on t\10 phase polymer 
systems, has considered mainly styrene modified polymers but indicated 
that he hoped it would stimulate work on other heterogeneous systems. 
As indicated previouslY,it Has hoped that a process which h2.d proved 
successful for one system could be extended to others. It was thought 
that the idea of polymerising a monomer in the presence of a dissolved 
polymer could easily be extended to other monomers. 
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1:7 THE AIHS AND SCOPE OF TEE THESIS. 
Caprolactam, which can readily be polymerised to nylon 6 
(polycaprolactam) was considered to be a suitable monomer. 
Caprolactam is an important commercial monomer, being produced 
in large quantities on .an industrial scale. Several low cost 
methods for producing it have been developed in the last few years, 
giving a monomer of high purity in high yields. Caprolactam is 
usually polymerised to nylon 6 by one of two methods. The first 
is in an autoclave or continuous reactor using water as the catalyst. 
The polymer produced by this method is in equilibrium \;ith about 
10% monomer which must be removed,at least in part,as it has a 
pronounced effect on the properties of the final product. Nylon 6 
prepared in tr~s way is used to produce tyre cord, textile fibres, 
filaments and bristles, isused in extrusions and mouldings and is 
formed into films. Caprolactam can also be polymerised by an 
anionic mechanism, the reaction being carried out below the melting 
point of the polymer and at atmospheric pressure. This r.-rutes the 
technique attractive for the production of large cast articles, but 
small items will continue to be made by extrusion and injection moulding. 
Laurolactam, which is starting to become important commercially, 
was used as a "solvent" in the work on polymer solubility, the results 
being compared with those for caprolactam. Laurolactam can be 
polymerised to nylon 12 by an anionic mechanism similar to that for 
caprolactam. 
Caprolactam polymerisatinn has been well studied by \1itcherle and 
64 65· 66 67 68. Sebenda • and other Horkers and the reaction mechanism is known. ' 
I 
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Encouragement for the use of caprolactam as a polymerisable monomer 
is given in the literature. A D P t t "69 d . . th u on pa en~ escrlbes e use 
of polycarbonates as cocatalysts in the anionic polymerisation of 
caprolactam but no reaction mechanism is given and the structure of 
the polymers obtair;ed is not described. A Russian patent70 describes 
the preparation of homogeneous blends of polyamides and polyformaldehyde. 
Homogeneous mixtures were obtained by dissolving the poly formaldehyde 
in the polyamide monomer and polymerising the monorr:er. l'i8.tzner ana. 
coworkers71 have described the use of chlorine terminated polysulphor;e 
and poly sulphone as cocatalysts in the anionic poly~erisation of 
o 
caprolactam at temperatures of 160 C.and above. In both cases 
block copolymers were produced. One disadvant@.ge in using 
caprolactam as a monomer is that as yet compatible blends containing 
a crystalline polymer are unknO\;n. On the other ha.nd the formation of 
block and graft copolymers could produce useful polymers for use on 
their own or when blended with other polymers. 
The 9roperties of nylon 6 are summarised below but a more detailed 
description of nylon 6, and the other po1yamides is given in books 
and in the literature.72 Nylon 6 polymer is characterised by a 
combination of high strength, elasticity, toughness and abrasion 
resistance. It is somewhat softer and less stiff than nylon 6,6 because 
of its lower crystalline melting point but nylon 66 has better heat 
resistance. The solvent resistance of nylon 6 is good, only phenols, 
creso1s, and formic acid dissolve the polymer at room temperature. 
Strong acids degrade the polymer ar.d it is also degraded by hydrolysis at 
elevated temperatures. If the polymer is to be used outdoors, it 
must be stabilised or pip;mented "ith oarbon black as its weatherability 
is only fair. All nylons readily absorb moisture from the air a~d the 
saturation moisture content of nylon 6 is 9-10';6. 
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\vater acts as a plasticiser, reducing the modulus and tensile 
strength but at the same time increasing its elongation. Therefore, 
although nylon 6 is a good polymer it can be improved and there is 
evidence of this in the literature.73 ,74 
The aim of this Hork Has two fold, to study the solubility of a 
series of commercial polymers in caprolactam and laurolactam and 
to prepare polymer blends, and if possible copolymers, by polymerising 
caprolactam in the presence of dissolved polymers. 
It lVas felt that if a second polymer was to have an effect on the 
properties of nylon 6 it would easily be seen what they were if it ;Jas 
present to an extent of 10% by ~Jeight. Accordingly,the solubility 
of a series of commercial polymers in caprolactam and laurolactam at 
1500 C WaS studied by attempting to dissolve 10% by weight of each 
polymer in the monomers. It was found that, although the majority 
of polymers were insoluble or only slightly soluble, some did dissolve. 
The results Here discussed in terms of polymer solubility parameters, 
hydrogen bonding and polymer crystallisation. 
I1hen polymers _dissolved to an extent of 10',6 by weight the monomer 
was polymerised in the presence of the polymer by an arnonicmechanism. 
It ",as found that different polymers required different techniques in 
order that the monomer could be polymetised. If the polymer contained 
groups Hhich Here readily attacked by the cocatalyst the lactam anions 
had to be formed in a separate reaction vessel. Of the polymers studied, 
it ",as found that polycarbonate and polysulphone acted as cocatalysts 
in the anionic polymensation of caprolactam, copolymers being formed. 
---------------
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None of the polymers soluble in laurolactam acted as cocatalysts. 
Polymer blends were formed when the lactam monomers were 'polymerised 
in the presence ,of other polymers. 
Polysulphone, one of the newer, heat resistant polymers which 
acts as a cocatalyst in the anionic polymeVSation of caprolactam, 
was considered to have useful properties which might be beneficial 
if combined with nylon 6. Polysulphone-polycaprolactam copolymers 
were prepared in order to determine the copolymer composition, the 
reaction mechanism and to determine the molecular weight of the 
polysulphone component of the copolymers. Optical microscopy was 
used to study the phase structure of the copolymers as the poly sulphone 
concentration "las increased. Some of the physical properties of the 
copolymers were measured and compared with those of a commercial 
nylon 6. 
Polymer blends "ere prepared by dissolving polystyrene, impact 
styrene and S.B.S. thermoplastic rubber respectively in caprolactam 
and polymer~ing the monomer by an anionic mechanism. The composition 
of the blends was determined, their phase structure was examined by 
optical microscopy and some of their physical properties were compared 
with those of commercial nylon 6 and polycaprolactam homopolymers. 
It was hoped that the results would be of use in trying to explain 
why blends with crystalline polymers are incompatible. 
J 
- -- - - - - - - ---------------------------
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2. POLYHER SOLUBILITY. 
2: 1 IllTRODUCTION. 
Predictions of the compatibility of polymers l1ith other polymers, 
or solvents, are usually attempted from thermodynamic considerations, 
or less precise considerations derived there from. 
The driving force of any process in thermodynamic terms is the 
free energy, and is given by the Gibbs free energy equation, equation (1). 
t::. H - T t:. S - - - - - -( 1) M M 
In the simple case of an ideal solution 75 ~HM is, by definition 
zero. "hether mixing occurs depends on the entropy of the system. 
The entropy change on mixing can be derived from Raoult's law, or 
from statistical mechanics such that 
~S = 
where R is the gas constant 
n is the number of moles of each component. 
N iA the mole fraction of each component. 
As this expression is all1ays positive spontaneous mixing will 
occur among ideal systems in all proportions. The implication is 
that the free energy of mixing must be, negative for the production 
of a thermodynamically stable molecular mixture. 
However, few systems are ideal, and the heat of mixing t::. HN is not 
equal \;0 zero. Hildebrand76 gave the name "regular solutions" to the 
,class of liquids in which ASM has nearly the ideal value but t::. RH 
is not equal to zero. Since the entropy of mixing is ahlays positive 
in regular solutions the heat of mixing will critically determine whether 
or not tl10 substances l1ill mix spontaneously, and the associated limits. 
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!:::. HM for mixing is a measure of the attraction between the 
molecules to be mixed. A negative b. ~.! means that heat is evolved 
during mixing and the molecules will attract each other more than 
they attract their own kind. If b. Hl1 is negative then spontaneous 
mixing will occur, but if it is positive mixing will only occur 
under conditions where 
TAS 
A factor affecting polymer solubility is the difference in free 
volume between the polymer and the solvent. If a polymer is 
considered to consist of segments connected by stiff covalent bonds 
that restrict, the thermal motion of the segments, the thermal 
expansion of the polymer will be relatively srrall, and decrease; 
with an increase in the chain length of the polymer. Dissolving a 
polymer in a solvent is accompanied by large changes in the free 
volume by both the polymer and the solvent, the polymer expanding 
and the solvent contracting to attain the average free energy of 
solution. The change in the free volume is more important for the 
solvent so that the net change of volume during mixing corresponds 
to a contraction. The overall contraction during mixing brings the 
molecules close together so that mixing is an exothermic process 
and there is a negative contribution to the heat of mixing. As the 
contraction also corresponds to a lessening of molecular disorder 
there is also a negative contribution to the entropy of mixing. 
In principle these negative contributions to A HI' and 6. S could 
'I H 
cancel out but it is found that the contribution to 6. SI-! is !".ore 
important than that to Al!H so that there is a positive contribution 
As the volume of the solvent rapidly increases Hith 
tel~erature relative to that of the polymer, the free volume 
contribution increases with temperature. 
-- --- -- -- -- -- -- -~----~------------------
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Furthermore, since the solvent is more compre[;sible than the ~ 
polymer the application of pressure decreases the free volume 
of the solvent more than that of the polymer and increases 
polymer solubility. 
Patterson77 has considered the effect of molecular shape and 
size on polymer solubility. He has suggested that,in addition 
to the effects mentioned above, there is an effect arising from an 
ordering of molecules of liquids composed of long chain molecules 
and certain polymers. Long chain molecular liquids such as n-
hexadecane are not distributed completely at random, but, in order 
to improve packing, the chains ruh parallel to each other over 
short distances. Evidence for this ordering comes from measurements 
of the depolarisation of scattered light from these l:i;quids. As the 
only molecules considered in tllis \'lOrk were alkane isomers of 
formula· C6H14 or C16H34 other molecules need to be stUdied to 
determine the significance of this effect on polymer solubility. 
Four types of interaction are generally considered in solutions 
of non-electrolytes. These are 
(1) Dispersion (London)forces. 
(2) Dipole-dipole interactions. 
(3) Dipole-induced-dipole ineractions. 
(4) Hydrogen bonding. 
The change of internal energy, ~E, needed to overcome such 
interactions in the Case of a simple liquid is related to the molar 
heat of vapourisation b. HV by equation (5) 
A E = b. HV - Rr - - - - - - (5) 
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6E is known as the molar cohesive energy and is defined as 
the energy required to break all the moleculnr contacts j.n a 
,"ole of liquid. If V is the molnr volume then equation (5) 
becomes 
= - - - - - - (6) 
to.E 
V is now defined as the cohesive energy density. 
Early "orkers considered only ideal solutions and solutions 
in which there were only I1eak interactions. Hildebrand and 
Scatchard78 noted that, when only dispersion forces were present, 
the cohesive energy density of a pair of dissimilar liquids "as 
approximately equal to the geometric mean of the cohesive 
energy densities of the components. They derived an expression 
fer the heat of mixing using the assumption. 
HM = V<\>1 ~ 2 [( ~~t ( :: )j 2 - (7) 
Where qp is the volume fraction 
and V is the total volume of solution. 
(E)~ the solubility parameter Hildebrand called the expression\V < 
and assigned to is the symbol cl • The solubility parameter is 
in fact a measure of all the intermolecular forces present. 
!:quation(7) can nOl1 be ~Iritten as 
- (8) 
The partial molar heat of mixing is given by 
~1 -J~ 2 - (9) 
~Jhere V1 is the molar volume of the solvent 
9P2 is volume fraction of the second component 
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Although equation (9) was derived from solvents and solutes 
of similar molecular volume, it has been used extensively for 
predicting polymer solubility by combining it with an entropy term. 
Flory79 and Huggins80 succeeded independently in deriving an 
expression for the entropy of mixing high polymer solutLns by 
calculating the number of possible configurations for a mixture of 
polymer and solvent molecules arranged in a lattice. The 
individual segments of the polymer chain were considered to be 
similar in size to the molecules of solvent. 
The entropy is given by 
As = 
which is sir.~lar to equation (4). In equation (10) the volume 
fraction has replaced the mole fraction. 
Flory81 has extended this work by modifying the heat of mixing 
term in a way similar to which he modified the entropy of mixing term. 
By combining the expressions for the partial molar heat of mixing 
and the partial molar entropy of mixing an expression for the partial 
molar free energy of mixing of a polymer solution was obtained. 
It is known as the Flory-Huggins partial molar free energy equation. 
In deriving this equation Flory introduced a solvent-solute interation 
parameter X • 
given solvent is 
energy parameter. 
He sho"ed that the solubility of ·a polymer in a 
controlled by the 
82 Flory later 
value of X as it is a free 
suggested that X should be 
replaced by a power series in concentration. This treatment, while 
limited in detail, works reasonably well for non-polar polymers in 
various non-polar· solvents. It "as not until the middle sixties that 
any satisfactory treatments for polar and hydrogen bonding solvents 
began to appear and these will be considered later. 
-38-
When it was realised that cohesive energy densities "ere 
important in controlling solubility methods for esti~ating them 
became important. For non-polymeric materials this was 
relatively easy as they could be calculated from vapour pressure data 
(equation 5). Calculating solubility parameters from v8pour pressure 
data has recently been reviewed by Hoy.83 Using the equations 
of Huggenmacher84 and computational methods he has calculated the 
solubility parameters for a broad range of solvents and chemicals. 
Although the vapour pressure method cannot obviously be applied 
to polymers it was noted that liquids with like solubility. parameters 
"ere apt to dissolve the same solutes and be mutually compatible. 
It therefore seemed reasonable to extend this method to studies of 
polymer solubility. Two experimental methods are quoted in the 
literature. The first method involves the swelling of a slightly 
cross-linked analogue of the polymer being studied in a series of 
solvents. The" value for the polymer is taken as the er value p 
of the solvent in I<hich it sl<ells most so that the determined valu\, 
is somewhat dependent on the cross-link density. Gee,85 and Bristow 
and Vlatson86 have studied the swelling of various rubbers in various' 
solvents. The second method involves measuring the intrinsic 
viscosity of a polymer in a series of solvents. The value of d is 
P 
taken as being equal to the er value "here the intrinsic viscosity 
s 
has a ma>:i mum. Generally a plot of intrinaic viscooity against 
solvent solubility parameter gives a bell shaped curve with a reasonably 
well defined maximum. "hen discussing the significance of such 
results the nature of the solvent must be taken into consideration. 
More or less polar and mare or less hydrogen banding solvents often 
provide different curves. 
~--- ------------------------------------------------------
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In both cases specific interactions and differences in molar 
volume make the estimation of 0" more difficult. Both methods p 
have the disadvantage of being laborious and time consuming. 
There are several methods for calculating solubility parameters 
from thermodynamic data. 8? They can be calculated from critical 
pressure data, from the relationship of pressure .and temperature, 
and also from the Van der VIaal's gas constant. There is also a 
method for estimating solubility parameters at various temperatures 
but the values are not usually quoted above 30oC. It should be 
possible to estirrate solubility parameters at TOK from the 
coefficients of thermal expansion et, and the compressibility J3 
the equation. 
cf ) Ol{3T\Jz. 
._\ I 7 - - - - - - (11) 
by 
This equation could provide a means for the direct esti~ation of 
er for polymers because Cl and f should be measurable. The method 
is mainly of theoretical interest for liquids since thermal 
coefficients are not available. 
smal188 has described a method for calculating solubility parameters 
which does not involve experimentation. Assuming that the geometric 
mean rU2holds, he found that the solubility parameter contributions 
of different groups in a molecule, to the overall solubility parameter, 
were additive. He determined a set of additive constants for the 
.1. 
commoner groups in organic molecules and from them calculated (EV)2. 
He called them molar attraction constants and gave them the symbol F. 
~F summed over the groups present gives the value of (EV)~ for one 
mole of sUbstance concerned. 
-- -------------------------------------------
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The molar cohesive energy,E, the cohesive energy density C.E.D 
and the solubility parameter 0 are then given by 
C.E.D. = (l:F)2 
V 
er = :LF - - - - -(12) 
V 
All compounds in which hydrogen bonding occurs, or which are highly 
polar, were excluded from this work. Compounds containing hydroxyl 
groups, nitrogroups, amines, amides and carboxylic acid were among 
those not considered. 
The compounds for which Small's formula did net work were the 
lower esters and ketones. For these compounds data for higher 
members of the series were used instead. The results obtained by 
Small were excellent for olefins and varied from reasonable to good 
for the other organic compounds considered. Steric effects, 
conjugation and ring closure are some of the factors ;,hich effect 
thevalue of li'. Packing several large atoms or groups of atoms round 
1 
a central atom results in the observed value of (EV)2" being lower 
than the calculated value. For carbon tetrachloride the value 
1 1 ~ 
of (EV)2" by Small's method is 987 ca12 cc 2 and the observed value 
is 835. Conjllgation in styrene and butadiene and ring closure 
~ 
results in an increase in (EV)2 over that calculated by Small's 
method. Sr.all found that the lack of reliable density data for 
well characterised polymers \,as a cause of some uncertainty in the 
calculated value of <f • 
Although Small made no attempt to treat compounds in which hydrogen 
bonding occurs his method has been successfully extended to cover 
carboxy]jc acids by Hoy. 83 In many compounds in 'lhich hydrogen bonding 
occurs the experimental values of cf and those obtained in Sr,all' s 
method differ considerably. 
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If, for carboxylic acids, the calculations are ~qd~ assu~ir~ 
the acid to exist as a monomer Small's method does not give 
accurate predictions for the value of J • Hoy assumed 
tPBt the acids existed in the dimer form and adjusted the 
calculations of the solubility parameter accordingly. Using the 
dimeric structure 
~O--'::;' H-O" 
R -c C-R 
'O-H-~ 
and computational analysis Hoy obtained satisfactory results for 
fourteen carboxylic acids. 
The solubility parameters of some types of polymers which do not 
contain polar or hydrogen bonding groups, such as copolymers or 
crystalline polymers, may also be difficult to define. The 
solubility behaviour of random, block and graft copolymers is 
often quite different and it is therefore not justifiable to assign 
the same overall cohesive energy density value to such polymers. 
Partially crystalline, or crystalline polymers have a lovler free 
energy than the corresponding amorphous polymer and in order to 
dissolve them the free energy necessary to melt the crystals must 
. be supplied. Entropy changes increase on the disordering of 
molecules and make it easier for polymers to go into·solution. However, 
the amount of energy required may not be compensated for by the entropy 
gain and in such caSeS the polymer may go into solution only if heat 
is supplied. Crystalline polymers much below their melting points are 
often only appreciably soluble in solvents which have some special 
interaction with them. Such interactions are usually hydrogen bonding. 
For crystslline polymers such as polyethylene and polytetrafluoroethylene, 
ih which there is no possibility of hydrogen bonding, the heat O"equirement 
for melting the crystals is so high tlmt they are insoluble in all 
solvents at room temperoture. 
-- --- -- -- - -~------------------------------
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A crystalline polymer ,;hich shows. specific interaction-; i3 nylon 6 
which is soluble in formic acid and phenols at room temperature 
because it can form hydrogen bonds with them.~, 
The preceding discussion has been concerned with solutions 
in which only weak forces are involved and the equations derived 
are only applicable to simple systems. If hydrogen bonding 
forces are present ,in a system they are usually strong enough that 
they cannot be ignored. The strength of a hydrogen bond falls 
between that of dipole interactions and chemical bonds. Water 
would be a gas if it were not for hydrogen bonding which causes 
the molecules to cluster together. Most polar compounds such 
as alcohols and ketones associate into clusters due to hydrogen 
bonding. Small discussed the importance of hydrogen bonding and 
thought that at least two parameters ,;ould be required to express 
the properties of hydrogen bonded liquids. The first is related 
to the hydrogen bond accepting capability and the second to the 
hydrogen bond donating ability of the molecule involved. He 
proposed equation (13) as a measure of the contribution of hydrogen 
bonding ( 6.Hh ) to the heat of mixing 
AHb =<?1 q,2 (d 1 -d 2 ) ( -( 1 - 0{ )-2 -( 13) 
where d is the hydrogen bonding accepting ability 
re: is the hydrogen bonding donating ability 
dp is the volume fraction. 
He suggested that when hydrogen bonds ;lere formed it mieht be more 
appropriate to use mole fractions instead of volume fractions. 
Although parameters such as ci and ~ have not been measured 
equation (13) has been used to make qualitative predicitions of, 
the effect which can be expected for various mixtures. 
One of the firGt practical method" fOl' tr<,ating hydrogen bonding 
forces in solution was devised by Burrell. 8') He classifi.ed solvents 
by their tendency to form hydrogen bonds. His classification is 
as follows:- (a) Strongly hydroeen bonded (e.g. alcohols, carboxylic 
acids, water, pyridine), (b) Hoderately hydrogen bonded (e.g. ketones, 
esters, ethers, aniline.), (c) Poorly hydrogen bonded (e.g. hydrocarbons, 
halogen co:npounds, nitr~ compounds, nitriles.) 
Liebermann')O arbitrarily assisned number ranges to Burrell's 
classification and then determined a~ empirical hydrozen bonding 
n'.tmber for each solvent from solution data. He then portrayed 
polymer solubility on a plot of hydrogen bonding number versus 
solubility parameter. ~hcse were the first in a series of papers 
by different authors ,;ho have tried to treat polar and hydrogen bonding 
solutions thermodynamically. 
Blanks and Plausnitz91 have given a detailed treatment of polar 
solvents in "'hich the solubility parameter is split into hlO parts. 
One is associated with normal Van der Vlaals forces (dispersion forces) 
and the other is associated with polar forces. 
92 93 Crowley, "reague and LOHe • have used three dimensional plots for 
displaying polymer phase diagrams, volu'mes of solubility being drawn up 
for a number of resin types from existing data. The three paranocters 
chosen relate to the tr~ee types of intermolecular forces that occur. 
These are dispersion, pol"r and hydro"en bondinr; furces represented 
as follows: 
er - the clar-sical Hildebrand solubility parameter. 
3 - a measure of hydror;en bondi.ns obtained by the 
spectroscopic technique of Gordy and Stanford. 
r -dipole mar.lent, as a measure of dipole-dipole interaction. 
_ .. --------------------------
Hansen95- 97 has .done ~")rk on similar lines to that of Crowley. 
He has split the Hildcbrand solubility parameter into three parts 
on the assumption that it is a measure of all three types of 
intermolecular force. The three components are dispersion, polar 
and hydrogen bonding forces and are represented by :-
Od - which describes the dispersion forces. 
drp - which describes the dipole-dipole and dipole-induced-
dipole interactions. 
er h- which describes the hydrogen bonding forces. 
Ilansen obtained an equation. for <f on the assumption that the 
total energy of vapourisatbn \1aS an additive quantity such that 
= - - - (14) 
dividing through by the molar volume gives 
cf2 <f2 0\- J 2 ,. d" 2 - - - - (15) = + d P h 
Using these solubility parameters Hansen constructed a three 
dimensional solubility diagram. A polymer is represented by a 
point round which a sphere can be constructed. Any liquid 
characterised by a point lying ~nthin the sphere is a solvent 
for the polymer while a liquid represented by a point outside 
the sphere is a non-solvent for the polymer. The radius of the 
sphere must be determined experimentally. By using this approach 
a suitable solvent for a polymer can be chosen without laborious 
experimental I;ork. It is also more powerful than ~'loryls 
interaction parameter for characterising sol'fent po\'/er. 
One of the advantages of this approach is that it avoided the 
arbitrary axes \'Ihich were used by Cro\,/ley. Although Hansen was able 
to obtain an equation for cl' he ~Ias unable to solve is completely,_ 
" 
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By using the homomorph concept introduced by Blanks and PlausnHz91 
he was able to determine the value of <I/o. This left (er p2. +dh2.) 
which he referre~ to as dq,2, but was only able to solve it empirically. 
Although his approach has been very successful Hansen realised that 
many problems remained. The homo morph approach failed in the case 
of solvents containing chlorine and sulphur atoms and in other cases 
the proper homomorphs were hard to choose. The effect of temperature 
on the solvent parameters was also unknown. For larger molecules where 
the total energy of vapourisation was not available the solubility 
parameter has to be calculated by Small's method. 
Bagley, Nelson and Sciglian098 have considered solubility parameters 
and their relationship to internal pressure measurements in polar 
and hydrogen bonding solvents. By making precise internal pressure 
measurements they were able to make determinations of the characteristics 
of a solvent and the effect of temperature on them. They did this by 
considering two solubility parameters, the first a volume solubility 
parameter and the second a residual solubility parameter. These can 
be related to Hansen's three dimensional solubility parameters 
dv = J Pi. - (ddZ + J~) 
dr = dh 
- - - - - - (16) 
where cfv is the volume solubility parameter 
dr is the residual solubility parameter 
Pi. ia the internal pressure. 
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Bagley thought it possible that only two solubility parameters 
were needed to describe er for a solvent, One corresponds to 
the "physical" contribution (polar and non polar effects) and the 
other to the "chemical" contribution (hydrogen bonding effects), 
Bagley and Chen99 have studied hydrogen bonding effects in solution 
using the two dimensional solubility parameter. 100 Chen has 
extended this study to treat Polymer/solvent and polymer/plasticiser 
• 
systems. The solvent power of an organic liquid was considered 
to be characterised by the parameters er h and XII.' ,J h is the 
hydrogen bonding solubility parameter of the liquid and r 11. is the 
term which takes into account the dispersion and polar interactions 
between the liquid and the polymer and also the effects due to 
temperature. Chen sho\,OO that Hansen's solubility sphere can be 
represented by a solubility circle in an XII - d"h plane. 
He used Hansen's solubility data and experimental and calculated 
values of dd ' Jp and dh for the liquids and polymers considered. 
He derived an expression for JC such that 
XIt"~~[(dd\..-ddpy-+(cfpl..-cfP?r]- ------(17) 
"hich he solved using Hansen's data. 
The solubility circle for a given polymer Vias determined by first 
locating the polymer. and all the liquids considered in th~ JCII- dh plane 
and then determining the solvent power of a few liquids at different 
distances from the polymer. Hansen classifi.ed polymer/liquid mixtures 
into six groups and Chen, assignir.g a different symbol for each group 
used it \>Ihen plot tin" his graphs. The smallest polymer-non solvent 
distance is the radius of the solub:ility circle for the polymer. 
Solvents which lie within the circle should be solvents for the p~lymer. 
------
The beGt s01vents .for a 1)ol~rIYl8r should be represented by points 
close to the centre of the circleo 
Solution thermodynamics indicate that large XII values, or a 
large difference in ·the er h values of polymDrs and liquids, favours 
immiscibility in a polymer solution. Self association of the solvent 
or polymer in a polymer solution favours immiscibility \</hile mutual 
association between polymer and solvent favours miscibility. 
, The use of such a hlo dimensional solubility parar.oeter means that 
the contribution of hydrogen bonding to the heat of mi.xing can be 
separated from the physical contribution in all kinds of mixtures. 
The 110rk also sh0\1ed that· the di·spersion and polar contributions have 
a similar nature Hhich is indicated by equation (17). 
Chen only considered three polymers and suggest ed th",t a more 
precise relative scale bctHeen the d h and X H axes could be obta.ined 
by extending the work to cover more polymers. This l10rk could also 
be extended to polymer solubility in mixed liquids and to polymer-
polymer com:oatibili ty in blends. 
Nelson, Eem,mll and EdIVards 101 have looked at the methods for 
predicting solubility and concluded that, in the cases of solvents 
capable of hydrogen bondine they ~'le"f'e inadequ~te. Hethods for 
estimatinG hydrogen bonding forces in solutio!] usually considered 
them try act in the same I;Jay as polor and disp8rsiun forces. 
I 
I 
When dispersion and polar forces are the only forces acting in 
a system their contributi.on to the heat of mixing is either 
zero or positive. Hydrogen bonding forces can however, make 
a positive or negative contribution to the heat of mixing. 
By using Small's equation (equation 10) as a measure of the 
contribution of hydrogen bonding forces to the heat of mixing 
it is possible to predict the effects which Can be expected for 
various mixtures. The most favourable situation for miscibility 
is when a compound which can act as a proton donor is mixed with 
one that can act as a proton acceptor. In this case the contribution 
to the heat of mixing is negative which enhances solubility. 
Unfavourable contributions to the heat of mixing occur in systems 
containing donor/acceptor moleoules. This is because some of the 
inter-molecular hydrogen bonds which exist in donor/acceptor systems 
must be broken if that compound is to exist in a single phase with 
another compound. 
Any explanation for the effects of hydrogen bonding on solution 
properties must therefore take into consideration both the positive 
and negative contributions to the heat of mixing. Nelson has 
proposed a hydrogen bonding parameter,. referred to as a "net hydrogen 
bonding accepting index" 
n 
ell. which is given by equation (18) 
e .. " "v:~. A L nL  L 
i:<1 - - - (18) 
where V. is the volume fraction of the i th component of the blend 
J. 
~i is its hydrogen bonding parameter. 
k is a weighting factor. 
--------- ---
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Nelson has pointed out that equation (18) is not an attempt 
to define hydrogen bonding interactions in rigorous thermodynamic 
terms. Rather it is an improved _method for predicting relative 
effects due to hydrogen bonding interactions because it recognises 
unfavourable contributions of the heat of mixing. It also helps to 
explain why solvents which are predicted to be similar by other 
methods, do in practice differ widely in their ability to dissolve 
particular polymers. 
Nelson also points out that the popular methods for solvent 
selection are based on the theory of regular solutions. In a 
regular solution there are no strong associations between molecules 
so the entropy of mixing is nearly ideal. This is probably a good 
approximation when only polar and dispersion forces are involved 
but not so >lhen hydrogen bonding forces are involved. \{ydrogen 
bonding forces can be quite strong,and substantial association 
between molecules can occur in hydrogen bonding mixtures so that the 
entropy of mixing is far from ideal. Therefore, although polar 
and dispersion forces are usually adequatuly described by heat of 
mixing parameters related to solubility, more is required when 
hydrogen bonding forces are involved. He has sugges:t;ed that the 
hydrogen bonding parameter should be a free energy parameter to account 
for the entropy deviations caused by hydrogen bonding. 
Although much progress h~s been made in the last ten years in 
assessing the fundamental factors concerned with polymer solubility 
much has still to be done. As yet no thermodynamic theory can 
treat situations quantitatively, nor is it able to handle precisely 
the effects of polymer concentration. The behaviour of hID polymers 
in a common solvent cannot be predicted from existing theory either. 
I 
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In view of the importance of soluhility and compatibility in 
polymer solutions Rudin and Johnson102 have suggested a completely 
different approach. They have suggested that a model based on 
kinetic rather than thermodynamic considerations might give results 
in better agreement ,Iith experimental observations. The polymer/solvent 
mixture is treated as a colloidal dispersion tp~t may coagulate. 
They have attempted to develop a theory which is suitable for 
making predi.ci tions using only parameters which can be estimated in 
advance. The basic parameters used in the theory are the constants 
in the Mark Houwink equation (equation 19) for the intrinsic viscosity 
of a polymer in a given solvent. 
['?] : KMct. 
- - - - - - (19) 
where K and Cl are constants. 
[z] is the intrinsic viscosity 
M is the molecular weight. 
The constants K and Cl. are reasonably well tabulated although not 
all the common polymer-solvent combinations have been studied. 
Although their model is written in mathematical terms some of 
their derivations were intuitive and they expect that the theory will 
need refining in the light of experimental results. At present the 
calculations are somewhat involved and the results quoted in the 
paper were from a computor. They hope that they can simplify the 
model so that once the concepts are understood, calculations can be 
made l;y hand. In their paper they derive the equations necessary 
for the prediction of the time required for an initial molecular 
scale dispersion of a polymer in a l:lquid diluent to become 
noticeably dcmixed. 
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They calculated the rate at vlhich a gi ven polymer_"solvent" 
dispersion coagulates and used the results to estimate the t:ir.18 
for the mixture fo develop a noticeable turbidity. The calculations 
required estirrates of the viscosity of the mixture and the rate of 
diffusion of the polymer in the particular system and methods for 
computing them have been briefly described.· Estimates of the 
viscosity and the diffusion coefficients required a knowledge of 
the polymer molecular weight, amorphous density, solvent viscosity 
and the Hark-Houwink coefficients for the particular polymer and solvent. 
Predicitions of the turbidity of the polymer-solvent mixtures required, 
in addition, values for the refractive indices of the liquid and 
polymeric components. 
The results obtained by using the model were in qualitative 
agreement "Iith practical experience and the limited laboratory 
data available for coroparison. They expressed the hope t~~t the 
foundations laid by their work would be built upon to develop 
better methods fo,. predicting polymer solnbility. 
I 
I 
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2:21 HATERIALS. 
BENZENE. 
Analar benzene (Fisons Ltd.) was used without 
further purification. 
€. CAPROLACTA14. 
~ caprolactam (Courtaulds Ltd.) was recrystallised 
twice from benzene, dried in a Vacuum oven at room 
temperature, and stored in a Vacuum descicator over 
phosphorus pentoxide. 
LAUROLACTAH. 
Laurolactam ( : mHls Ltd.) was purified in the 
same way as caprolactam. 
SODIUI1 HYDRIDE. 
Sodium hydride ( Koch-Light Ltd.) .IaS used without 
further purification. It Was stored and handled in 
a glove box through \~hich a continuous stream of dry 
'white spot' nitrogen was passed. The glove box 
contained beakers of phosphorus' pentoxide and silica 
gel to maintain a dry atmosphere. 
N - ACETYL CAPROLACTAH. 
N- acetyl caprolactam (Courtaulds Ltd.) was dried by 
refluxing over calcium hydride for three hours under 
a 'white spot' nitrogen pressure of 3mm Hg, distilled 
at 190o/10mm Hg, and stored over calcium hydride. 
Hydrolysis with aqueous sodium hydroxide followed by 
back titration with perchloric acid indicated 10cr,G purity. 
A gas liquid chromatograph run on a Pye Series 104 
chro~~tograph gave a single peak. 
= 1.4882 
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CUHEHE (ISOPROPYL BENZENE) 
Cumene (Fisons S L R Grade) \1aS used without further 
purincation. Its vapour was used to· provide a 
constant temperature, 1500 C, in the polymensation 
apparatus. 
P CYMENE. 
P Cymene (Fisons Technical Grade) was used without 
further purification. 
Commercial polymers, listed in Table 1, "lere used 
after drying overnieht in a vacuum oven at room 
temperature. 
POLYI-!ER. 
POLYSTYRENE 
POLYHE'rHYL 
1'!b'rHACRYLATE 
NITRILE RUBBER 
POLYCARBONATE 
POLYBUTADIENE 
POLYISOPRENE 
POLYETHYLENE 
HIGH DENSITY 
LO\-l DENSITY 
POLYFnOPYLENE 
POLYF.PICHLOROHYDllIN 
EPICHLOROHYDRIN! 
-----.---~~----.~~~~~~~~~~~~~~~-
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TABLE 1 
LUSTRtlC HFSS 
DIAKON 110900 
BHEON 1042 
HAY.ROLON 
BR 1200 
CARIFLEX 
XDG -33 
RIGIDEX TYPE 25 
Pl{OPATHANE GWE 105 
HYDRIN 100 
SUPPLIER. 
1I1ONSANTO 
I.C.l 
B.P.PLASTICS 
BAYER 
SHELL 
SHELL 
I.C.l 
B.P.PLASTICS 
I.C.I. 
B.F .GOODRICH. 
ETHYLENE OXIDE COPOLYHER. HYDHIN 200 B.F. GOODHlCH. 
POLYVINYL CHLORIDE 
NATUHAL IiUBBEH 
NYLON 12 
NYLON 6 
NYLON 66 
NYLON 6, 10 
NYLON 11 
POLYSULPHONE 
POLYCllLOOOPRENE 
STYllEli'E-BUT AD IENE 
(S.B.R.) 
STYHEN};-BUTADU;llE 
(HIGH STYHENE IiESIN) 
I11PACT STYRENE 
Il'ELVIC 
SH SNOKED RUBBEH 
llSS1 
VESTAIlID L1801 
11ARAIIYL F 1106 
HOULDING GllADE 
HAllIlIYL B/100 
HILSAN BMNO 
P1700 P3500 
NEOPRENE "I 
HlTOL 1500 
POL YSAR SS 250 
LUSTREX lIT 42-1 
I.e.I. 
HUBHON llUBBEll 
CHEMICALS • 
. . 
,mrLLS. 
I.e.I. 
I.C.I 
I.C.I. 
I.C.I. 
B.X.L. 
Du PONT. 
I.S.R. 
POLYMEll COIlPOHATION 
MOIlSANTO 
- - - - ~ -------------
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TABLE 1 COrrrINU:bZJ. 
POl,YHEH. TRADE !lANE/GRADE. SUPPLIER. 
3-3 BIS (CHLORO!1FJl'llYL) PENTON HERCULES. 
1~ OXACYCLOBUTA~ 
SILICONE RUBBER SILICOlf£ RUBBEl< I.C.1 
E.300 
S. B. S. THERY.OPLASTIC PH104 - 1001 
RUBBER TR 3202 NATURAL SHELL 
TR 21()l+-1001 
TR 5151 NATURAL 
STYRENE -
ACRYLONITRILE TYR1L 790 DYSl'RENE LTD. 
E'fh7LENE VINYLACEl'ATE 
COPOLYHERS ErlfYLEHE-VINYLACEr A'rE 
(1) 28% VINYL ACETATE. 28-05 I.C.I 
(2) 40% VINYL AC~~ATE. 40-50 loC.I. 
POLYETHYLENE OXIDE POLYOX. CARBIDE. 
POLYPHENYLENE OXIDE PPO GENERAL I:ILCTRIC 
POLYBTHYL ACRYLAT}; Cl' ANACRYI, L M~RICAN CYANANID CO. 
2:22 
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TEE SOLUI3ILITY OF POLY!-fSRS rH IJACTAHS. 
The solubility of polymers in caprolac.tam and laurolactam 
was studied in a vapour heated polymerisation tube fitted with 
a nitrogen bubbler and a nitrile rubber soal. 
The required weights of lactam mono mer and polymer 
(1C1,''; by weight) were weighted into a polymerisation tube and 
dried in a vacuum oven at room temperature overnight. The 
tube was then fitted with a nitrogen bubbler and placed in a 
constant temperature bath (the vapour of boiling cumene - 150°C). 
Figure 1. tlitrogen bubbling through the liquid gave sufficient 
agitation to help solution forrration. If the polymer dissolved, 
the tube waS removed from tr.e constant temperature bath as soon 
as solution was complete. If, after four hours, the polymer showed 
no signs of dissolving, it was considered to be insoluble a'1d the 
polymensation tube \,as ren:oved from the constant temperature bath. 
For polymers which had partially dissolved, more time Was allowed 
to see if a solution could be obtained. 
TEE POLYHERISATION OF LACTAl-l IIONOnERS III THE P!lESENCE 
OF DISSOLVED POLnn;RS. 
vlhen a polymer dissolved in either caprolactam or laurole.ctam 
an attempt \~as made to polyr.wr..se the monomer in its presence. 
Sodium hydride "as used as the catalyst and, "here necessary, 
N-acetyl caprolactam Was used as the cocatalyst. In all the 
atter:,pted polymensations the amount of the second component was 
10% by weight. 
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The reqlired ~Ieights of polymer and lactam mar-orner were 
weighed into a polymer'..sation tube and dried in a vacuum oven 
at room temperature overnight. The polymcrmation tube was 
then fitted with a nitrogen bubbler and placed in a constant 
temperature bath ( 150 ::I: 0.5°C, the vapour of boiling cumene). 
IVhen all the polymer had dissolved the sodium hydride I<as added. 
The catalyst was stored in a glove box large enough to contain 
a four figure balance so that it could be weigh",,,, into a I,eighing 
bottle in an inert atmosphere. The actual weight of sodium hydride 
added was I,eighed by difference, the ~leighing bottle being >Ieighed . 
before and after the addition on a four figure balance in a balance 
room. This method for weighing the sodium hydride catalyst was 
used for all the polymansations described in this thesis. In 
all the attempted polymerisations the catalyst concentration I,as 
2 mole %. 
In the most simple case the catalyst reacted with the monomer 
to form lactam anions, hydrogen being evolved. IVhen all the 
catalyst had reacted, indicated by the evolution of no more 
bubbles bf hydrogen, the N- acetyl caprolactam waS added from a 
rnicrosyringe. The amount of cocatalyst used in all the attempted 
polymensations in which it was used 'laS 0.3 mole 56. Polymerisation 
was initiated almost as soon as the cocatalyst had been added and 
the viscosity of the solution started to increase after about 
four minutes. The polycaprolactam had crystallised after about 
twenty minutes and the experiment ~las stopped after one hour. 
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FIGURE 1 
. 
SCHEMATIC POLYMERISATION APPARATUS 
. Nitrogen 
) 
Nitrile 
Rubber 
Seal 
Monomer 
Containing 
Dissolved 
Polymer 
Cumene Boiler 
Wat er Cooled 
Condenser 
Cumene 
Vapour(150 CC) 
DIMENSIONS OF POLYMERISATION TUBE 
Length 210 mm 
Internal Diameter 18 mm 
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Vlhen polysulphone was the dissolved· polymer and caprolClctam 
the monomer it Has found that polymerisation oGcured wi tho'.lt the 
addition of a cocatalyst. 
If the catalyst reacted "ith the dissolved polymer more 
readily than HUh the monomer, usually indicated by the production 
of an intense colour, the experiment "as stopped. 
polymers the lactam anions have to be formod in a separate vessel 
for polymerisation to occur. The required weight of polymer, 
together \..rith part of the monorner, ,,,ere weiGhted into a polymerisation 
tube. The rer:/ainder of the monomer '''as \veighed into a separate 
polymerisation tube. After dryin~ overnight in a vacuum oven 
at room ter.lperature the tubes Here fitted "ith nitrogen bubblers 
and placed in a constant temperature bath. (150 i: O.SoC). 
,{hen all the polymer had dissolved in the monomer the required 
"eight of sodium hydride catalyst "as added to the monomer in the 
second polymerisation tube. \,hen all the catalyst had reacted the 
solution containing the lactam anions "as added to the polymerisation 
tube containing the polymer solution and thoroughly mixed. The 
required volume of N-acetyl caprolactam "as then added from a 
microsyringe and the viscosity of tJle solution started to increase 
after about four minutes. After hlenty minutes the polycaprolactam 
had crystallisod and the experiment \"Ias sto"OJed after an hour. 
With caOJrolactam as the monomer and polycarbonate as the dissolved 
polymer, polymerisation occured ,d.thout the addition of a cocatalyst. 
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2:24 
'rhe required 'Jcight of caprolactam IVas c<eighed into a 
polymo"';,sation tube and dried overniGht in a vacuum oven at 
room temperature. The tube \1a8 then fitted "ith a nitrogen 
bubbler and placed in a constant temperature bath (1760 e, 
the vapour of boiling p cymene). ¥lhen all the caprolactam 
had melted the requircd IVeight of sodium hydride was added in 
o the usual Hay.and the solution waS held at 176 C for two hours. 
If the viscosity of the solution started to increase, indicating 
that pOlymerisation was taking place the nitrogen bubbler Was 
raised above the level of the liqUid. A nitrogen atmosphere 
IVas ~aintained above the polymer~ing monomer for the duration 
of the experiment to prevent oxidation. Two hours after 
adding the catalyst the pOlymerisation tube "as removed from 
the constant~mperature bath and cooled quickly by plunging it 
into liquid nitrogen. 
2:25 mNOl'::ER CONVERSION. 
The contents of the polymel\Sation tube were placed in a 
bea.ker and dried in a vacuum oven at room temperature overnight. 
They I<ere then weighed by difference into a soxhlet extraction 
thimble and the unreacted monomer was rerooved by extracting 
for 24 hours with water in a soxhlet extraction apparatus. 
The contents of the extraction thimble were then washed into 
a lIeighed beaker with distilled water, evaporated to dryness 
in an oven and dried to constant 'Jeight in a vacuum oven. 
2:3 
2;31 
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IlliSULTS AND DISCUSSION. 
POLYl{,c~H SOLtJ'BILITY rH JJACT AB t,!ONOI·rr:;HS. 
The results of the solubility eX't)eriments are shown in 
Tables 2 .- 5. 
TA3LE 2. 
POLY1·IERS SOLUBLE IN CAPROLACTAM AT 150°C. 
POLYSTYRENE 
POLYHETHYL 
EETHACRYLATE 
POLYCARBONATE 
STYRENE-ACRYLONITRILE 
COPOLYMER. 
PEl\'TON 
HfPACT STYRENEa 
!'l'YLON 11 
POLYSULPHONE 
THER1,{)PLASTIC RUB3ERS. 
NYLON 12 
a). mobile solution, well dispersed (cross-linked butadiene 
in a materials did not dissolve. 
TABLE 3. 
POLYl-lEllS INSOLUBLE IN CAPROLACTAH AT 150°C. 
NITRILE RUBIlElla 
POLYBUTADIENE 
POLYISOPllENE 
HIGH DErlSITY 
POL YE1'HYLENE 
LO'.I DENSITY 
POLYETHYLENE 
POLYPROPYLENE 
POLyVINYL' CHLORIDEb 
SILICONE RUBBER 
HYDRIN 100 
HYDllIN 200 
NATURAL RUBBER 
POLYPHENYLENE OXIDE 
NYLON 6,6 
NYLON .6,10 
STYREN1;; BUTADIENEc 
(HIGH STYRENE HESIN) 
POLYCHLOHOPRENEc 
STYRENE BUTADIE:;t;C 
(SBR) 
ETH'fLENE VINYLACETATE 
COPOLY1·IERS 
POLTh'l'llYLEtE OXIDE 
POLYETHYL ACRYLATE 
POLYCHLOROpm;llE 
a). slightly soluble, but not soluble to an extent of 1c:;6by \./eight 
b). deco~poses at 150°C. 
C). s'dollen gel. 
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TABLE If 
POLYMERS SOWBLE IN LAUROLACTAH AT 150°C. 
POLYSTYRENE 
POL YI1E.'l' HYL 
METHACRYtA'l'E 
STYRENE-ACRYLONI'l'RII.E 
COPOLYMER 
NYLON 6 
NYLON 11 
PENTON 
THEHJ!JOPLASTIC RUBBERS 
bTHYLLNE;.,.VIllYLACETATE 
COPOLYHERS 
IHPACT STYRENE a 
a) mobile solution well dispersed ( cross linked butadiene 
did not dissolve) 
TABLE 5. 
NITRILE RUBBER a 
POLYCAHBONATE 
POLYBUTADIENE 
POL YISOPllENE 
HIGH DENSITY 
POLYETHYLENE 
LO\v DENSITY 
POLYETHYLENE 
HYDRIN 100 
HYDRIN 200 
POLYFROPYI£trL 
POLYSULPHONE 
POLYE.'THYL ACRYLATE 
NYLON 6,6 
STYIlEllE-llUTADIENEc 
POLYVINYL CHtoRIDEb (SBR) 
NYLON 6,10 
POLYE':rHYLENE OXIDE 
POLYF)jENYI£NE OXIDE 
SILICONE RUBl3};R 
POLYCllLOllOPRENEC 
STYRENE BUI'ADIENEc 
(HIGH STYllENE ]lESIll) 
a) slightly soluble, but not soluble to an extent of 10% Height. 
b) decomposes at 150°C 
C) slwHen gel 
. i 
- ----------------------------------------------------------------------------------------
Before the results of the solubility experiments are discussed 
some observations on the use of solubility parameters in predicting 
polymer solubility \;ill be given. Although the literature indicates 
that solubility parameters are useful in predicting polymer solubility 
it will be shown that the method has limitations. 
The results to compile Table 6 were taken from the Polymer Hand boOkS? 
and lists values of the solubility parameters for some of the polymers 
considered in this work. They indicate that ~here is a large range 
for the calculated and determined values of the solubility parameters, 
even for \1ell studied polymers like polystyrene and polymethylmethacrylate. 
All the data in Table 6 were calculated, or measured -at 25°C. 
Was 
Oneof the first attempts to calCUlate polymer solubility parameters 
that of Small. 88 This method is limited as it Can only be used 
. for polymers in which there are no dipole interactions and for hydrogen 
bonding. Small indicated that the biggest source of error in his 
calculations was polymer density because there was little reliable 
density data, even for well characterised polymers. vii th the increase 
in data which has occurred it should be possible to quote accurate 
values for the solubility parameters for some polymers. Instead, 
Small's original values are still quoted. 
As Small's method has only limited usefulness much work has been 
done in the last ten years to produce a satisfactory equation for 
calculating solubility parameters in which hydrogen bonding and 
dipole interactions occur. Although several equations have been 
proposed a satisfactory solution has not yet been discovered. 
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TABLE I). 
POLYHER SOLUBILITY PARAl:ETEHS kf 22°C. 
I];XPEHIHEtrrAL. CALCULATED. 
POLYNEH HIGH Single WW HIGH Single Wli. Value value 
only. only. 
POLYS'rYHENE. 9.7 8.5 10.3 9.12 
POLYMErHYL-
NETHACHYLATE. 12.84 9.0 9.25 
NITRILE RUBBER. 
80 20 9.5 . 9.0 
75 : 25 9.50 9.38 9.25 
70 : 30 9.90 9.38 
POLYBUTADIENE. 8.6 8.1 8.38 7.16 
CIS 1-4 POLYISOPHENE. 10.0 7.9 8.15 7.42 
NYLON 6,6 13.6 
POLYVINYL'CHWHIDE 10.8 9.38 9.55 9.42 
STYHENE-BUTADIENE 
85 15 8.55 8.40 8.51 8.48 
75 : 25 8.60 8.10 8.58 8.54. 
60 : 40 8.70 8.55 8.68 8.65 
POLYDrHYLENE 8.35 7.70 8.2 8.0 
POLYFRQPYLENE 9.2 8.1 9.4 
POLYCHLOROPRENE 9.25 8.2 9.38 8.11 
NATURAL RUBBER 8.35 7.9 
POLYACRYLOIlITRILE 15.4 12·5 12.75 
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Although there are several methods for the experimental 
determination of solubility parameters none of them are standard 
methods. The methods do not take into account differencffi due 
to molecular weight, temperature and pressure. Because of thi s 
Ir.ost of the values quoted in bool~s are average values, no mention 
being made of the method of determination or the molecular weight 
oft he polymer. If they are to be of any value polymer solubility 
parameters should be measured using a well defined test method which 
fully describes the polymers being studied. 
In theory a polymer should dissolve in a solvent if their 
solubility parameters are similar. Caprolactam and laurolactam 
6 0 0 melt at 9 and 150 C respectively, and in this work the solubility 
experiments were performed at 1500 C. If the published solubility 
parameters are to be used to predict polymer solubility,experiments 
o 
should be performed at 25 C. The usefulness of the solubility 
parameter data is therefore restricted to a small temperature range 
as little indication is given in the literature of how the values 
vary with temperature. If solubility experiments are to be performed 
at 1500 the data used to predict polymer solubility should also be 
at this temperature •. 
There are several reasons why the solubility experiments Here 
f d at 150°c. per orme If the results for csprolactam and laurolactam 
are to be compared then they should be performed at the same temperature. 
o 0 The melting points of caprolactam and laurolactam are 69 and 150 C 
respectively so that the 10\'lest temperature at which the experiements 
can be performed is 150oC. 
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It will be sho,/n ( paGe 79 ) that at 176°C caprolactnm can be 
polymerised by an anionic mechanism without the use of a 
cocatalyst, the degree of polymerisation depending on the 
catalyst concentration and polymerisation time. Also, if 
o 
caprolactam is polymerised below 150 C the polymer precipitates 
'n the ,-.• onomer. 64 , 103 All t b 1 . d •.. s auro ae am can e po ymer~se 
f 11 t 1500C b .. h· 104 tb· success u y a y an an~on~c mec amsm .. ~s was 
chosen as the temperature at which the solubility experiments 
were performed. 
The results of the solubility experiments can be discussed in 
terms of polymer solt:bility parameters, hydrogen bonding and 
polymer crystallisation. Although the values of the solubility 
parameters which are ·given in the literature cannot be used 
directly to explain the results of the solubility experiments 
they can be used to shm" trends. The results give an indication 
of the ·range of values of the solubility parameters for "'hich the 
polymers are soluble in the monomers. As the results of the 
solubili ty experit:'ents are similar they w].ll be discussed for 
caprolactam and then, where differences occur, they Hill be discussed 
separately. 
The value of the solubility parameters for monomers and solvents 
"ill be expected to decrease markedly with an increase in temperature. 
The factors affecting the solubility parameter, the vapour pressure 
and the density, change quite appreciably ,,,i th temperature. The 
value of the solubility parameter for caprolactam at 25°C is 12.787 
and it might be expected that this "ill drop belo" 10 at 1500C. 
Althou~h there will be changes in the solubility parameters for 
polymers they will not be as large as for the monomcrs and solvellts. 
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The solubility experimeds show that most hydrocarbon polymers 
are insoluble in caprolactam. The value of the solubility 
parameters for polymers such as polyethylcne and polybutadiene 
are usually at the lOIter end of the scale. Even though the value 
of the solubility parameter for caprolactam will be decreased at 
o 150 C more than for the polymers mentioned, the values will never 
be close enough that the polymers "fill be soluble. Also, there 
is no possibility of hydrogen bonding for polymers of the type 
mentioned above. Hydrogen bonding aids solubility and can be 
a deciding factor if a polymer is on the limits of solubility. 
Caprolactam made no impression on the thermoplastics but the 
rubbers were slightly s",ollen. 
The values of the solubility parameter given in Table 6 indicate 
how unrealistic some of the quoted values are. If polyisoprene 
really did have a solubility parameter of 10 it l'Iould be expected 
to be at least partially soluble in caprolactam at 1500 C. The 
value of 8.2, which is the value usually quoted at 250 C is much 
more realistic and in line with the observed experimental results. 
Polychloroprene, with a solubility parameter of 9.2 at 25°C, would 
be expected to be partially soluble in caprolactam. The polymeJ;, 
although considerably sV/ollen and partially soluble,never gave signs 
of being soluble to an extent of 1Cf!o by weight. The hydrogen bonding 
capacity of chlorinated hydrocarbons is poor105 so it will be expected 
that chlorinated 
hydrogen bonding 
hydrocarbons will have a s~all but negligible, 
. d 106 In ex. 
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Because of this there will be little contribution from hydrogen 
bonding to aid solubility. A factor "heh could also affect 
the solubility is that polyehloroprene cross-links on standing. 
Although this can be removed on milling the results showed that 
it was still not possible to obtain a 1Cf~ solution. 
The introduction of certain components in the form of copolyrr.ers 
aids solubility even though the polymers are still rubbers. 
As an example, the value of the solUbility parameters for styrene-
butadiene rubbers are only slightly greater than those for the 
hydrocarbon polymers yet they are considerably swollen by the monomer. 
The polystyrene component of the rubber is dissolved by the caprolactam 
causing swelling and partial solubility. 
Nitrile rubbers, because of the much higher value of the 
solubility parameter for acrylonitrile than polystyrene, are more 
soluble in caprolactam than styrene-butadiene rubbers. As the 
solubility parameter is increased there is solubility rather than 
swelling. The solubility experiments indicated that if the 
butadieJle content is high, solubility to the extent of 1CfG by weight 
will never be achieved. It is known that when nitrile rubbers are 
107 prepared a "two phase system" results and copolymers with high 
and 101' acrylonitrile contents are formed. The partial solubility 
night therefore be due, in part, to the greater insolubility of the 
copolymer fraction I<i th the high butadiene content. 
As indicated in the introduction to this E0CtiOn, solubility is 
eA~ected to occur when the solubility parameters of the polymer and 
solvent are siwjlar. 
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Polystyrene, polymethyl-mcthe.crylate e.nd styreno-acrylonitrile are 
all readily soluble in caprolactam. The values of the solubility 
parameters for polymethyl methacryl'ate and polystyrene are about 
o 9.3 and 9.5 respectively at 25 c. The value for styrene-
acrylonitrile copolymers varies with their composition but is 
expected to be about 9.7 at 25°C. For polymethyl methacrylate 
hydrogen bonding will be expected to aid solubility but this will 
not be the case for polystyrene and styrene-acrylonitrile because 
of the small value of their hydrogen bonding index. The values 
of the solubility parameters will be slightly reduced at 1500 C 
so that it would be expected from the observed solubilities that 
the value of the solubility parameter for caprolactam would be 
about 9.2. 
Polycarbonate and polysulphone are both soluble in caprolactam 
Solvents \;hich readily dissolve these polymers have 
solubility parameters of about 9.2 at 25°C. If the values of the 
solubility parameters for polysulphone and polycarbonate are bet~/een 
9.3 and 9.7 at 25°C both would be expected to be soluble in caprolactam 
and this is "hat is observed. 
The results of the solubility experiments discussed so far can 
be used to indicate a lower limit to the value of the solubility 
parameter for \;hich polymers are soluble in caprolactam. Taking .ihto 
account the decrease in the value of the solubility parameter with 
temperature it would appear that a value of about 8.8.at 1500C is a 
suitable lower limit. 
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Some of the copolymers considered contained a considerable 
amount of n rubbery component~ such as polybutadiene and it 
is difficult to predict ~Ihat would happen if the polymers 
contained only a small amount of rubber. It is suggested that 
there ~lill be a butadiene content such that solubility will be 
critical in caprolactam at 150°C. 
As styrene-acrylonitrile is soluble in caprolactam at 150°C 
it would suggest that the upper limit of the value of the 
solubility parameter is above 9.7, and a value of about 10 is 
indicated, 
The solubility of the nylon polymers in caprolactam is 
interesting. The abilHy of nylons 11 and 12 to dissolve is 
due to the nearness of their melting points to the temperature 
at which the solubility experiments were performed. The melting 
points of nylon 11 and nylon 12 are 1740 and 178°C respectively. 
The temperature at which the solubility experiments were performed 
is high eno'.1gh to reduce the crystallinity and make them soluble. 
The solubility is of course aided by hydrogen bonding. For nylon 6,6 
and 6,10, with crystalline melting points of 2670 and 226°C 
respectively, the difference in temperature is such that the reduction 
in crystallinity is small and the polymers are insoluble. Even though 
there is hydrogen bonding in the solution its effect is not strong 
enough to cause solubility. 
Polyphcnylcne oxide, with a solubility parameter similar to t.hat 
of polystyrene, is a polymer which would be expected to be soluble if 
only solubility parameters are important. 
, 
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From the 0bservations made duri.ng the solubility experiments it 
appeared that the polymer dissolved and then crystallised out. 
It might be that the polyphenylene oxide used in the solubility 
experiments, the original polyphenylene oxide prepared from 
2,6 Xylenol, is unsuitable because of its high softening point. 
The ne,<er polymers ,;ith lower softening points ll'.ight be more 
suitable and give interesting systems. 
Although polyvinyl chloride decomnoses at 1500 C it is unlikely 
that the polymer would be soluble because its crystallinity must 
be destroyed before solubility can occur. Also, as the hydrogen 
bonding index for polyvinyl chloride is small there vlill be little 
hydrogen bonding to aid solubility. 
When laurolactam was used as the solvent the results were similar 
to those for caprolactam, with the follO\dng exceptions. 
Poly carbonate and poly sulphone are insoluble in laurolactam 
whereas they are soluble in caprolactam. It ",ould be expected that, 
because of its structure, the value of the solubility parameter for 
laurolactam will be lower than that for caprolactam. The range of 
polymer solubility parameters for which polymers would be expected to 
be soluble is therefore lower for laurolactam. PolycDrbonate 
and polysulphone, vlith solubility parameters of about 9.5, vdll be 
close to the upper limit for laurolectam and it was found that the 
polymers were only partially soluble in the monomer. The 100<er range 
of solubility parameters would also explain why the ethylene-ethyl 
acrylate copolymers are soluble in laurolactam but not caprolactam. 
The values of the solubility parameters for polyethylene and ethyl 
acrylate monomer at 25°C are 8.0 and 8.9 respectively so that the 
value of the solubility parameter of the copolymers is expected to 
be about 8.5 at 150oC. 
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From the crystalline melting poj,ntB of the nylon hOI"opolymers 
it would be expected thQt nylon 6 would be insoluble in lQurolactaln 
o 
at 150 C whereas it dilisolved readily. Nylon 6 has a crystalline 
melting point 'similar to that of nylon 6,10 ,thich is insoluble in 
laurolactam so that other factors must be involved for nylon 6 to 
be soluble. It would be expected that the reduction in crystallinity 
and hydrogen bonding of nylon 6 \,tould not be enough to cause solubility. 
The reason for the solubility of nylon 6 in laurolactam must therefore 
be specifically associated \>Iith the similarity of the monomers. 
Nylon 6 is soluble in its o\>ln mono mer at 1500 C. 64,103 
It is not surprising therefore, that nylon 6 is soluble in laurolactam 
at the concentrations employed. 
Although the ran;;e of solubility parameters for I;hich polymers 
are soluble in laurolactam is lower than that for caprolactam it 
is not expected that copolymers such as nitrile rubber and styrene-
butadiene rubber would be solUble because of their insoluble rubber 
components. 
The results suggest a range of solubility parameters for 
which polymers are soluble in caprolactam and laurolactam. They 
show that diene rubbers, or copolymers in \>Ihich one of the components 
is a diene rubber are usually insoluble in the monomers. The 
solubili ty of crystalline, or parti.ally crystalline polymers is 
usually dependent on a reduction in crystallinity and hydrogen bonding. 
Amorphous polymers, especially those containing polystyrene, appear 
to be particularly soluble in both monomers. The value of the 
solubility parameters for styrene-acrylonitrile copolymers \>Iould 
suggest that they might not be soluble in laurolactam at 1500 C, whereas 
they are readily soluble to 1Cl"fo by Height. 
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The unexpected soll,tbility suggests some special influet'ce 
of the styrcne or acrylonitrile units. 
Although the values of the solubility parameters of polymers 
change with temperature the results indicate that for high 
molecular weight polymers the change can be small. It could 
beheld that the factor which has the most influence on the value 
of a polymer solubility parameter is molecular ,·might. This 
would explain the large range of values of solubility parameters 
for a given polymer which are quoted in the literature. The results 
also show that in certain cases hydrogen bonding and polymer 
crystillinity can have a marked effect on polymer solubility. 
Therefore, although polymer solubility parameters are useful, 
more accurate experimental data and understanding of solubility are 
needed to explain the observations described above. In the absence 
of a fuller understanding of solubility the following table lists 
the "best" values of solUbility. parameters of several polymers 
o 
at 150 Co 
TABLE 7. 
ESTIl!i\.TED POLYMBR SOLUBILITY PARMETEllS AT 150oC. 
POLYMER 
pOLYSTYRENE 
POLYHETIlYL 
Hb'l'HACRYLATE 
POLYSULPllONE 
POLYCARBONNrE 
POLYISOPRENE 
POLYH[<;R SOLUBILITY 
PARi\.HETER 
POLYHER 
ACHYLONITHlLE 
COPOLn:ER 
ETHYLEm;-
ETHYLACnYLATE 
COPOLYNERS 
POLYHER SOLUBILITY 
PARAME'rER 
POLYCHLOROPRENE 8.8 
POLYBUTADIENE 8.2 
2:32 THE POLYHZHISATION OF LACT !d,l mHO/fuRS Ili THE PllESENCE OF 
DISSOLVED POLYi,n.~_~s. 
It ,/as found that four methods Here needed in order to polymerise 
the lactam monomers in the presence of all the polymers that were 
soluble in them. The methods are summarised beloH and the results 
are given in Tables 8 and 9. 
1<ET';ODS O~' POLYEERISATION. 
A. Sodium hydride is added to a solution of the polymer in the 
monomer, bubbles of hydrogen are evolved but no polymerisation 
occurs. V/hen N-acetyl caprolactam is added to the solution rapid 
polymerisation occurs. 
B. Sodium hydride is added to a solution of the polymer in the mononer, 
bubbles of hydrogen are evolved and polymerisation occurs "ithout 
the addition of a cocatalyst. 
C. I'Ihen the catalyst reacts with the dissolved polymer the lactam 
anions are formed in a separate vessel and then added to the polymer 
solution. Rapid polymerisation occurs when the N-acetyl caprolactam 
cocatalyst is added. 
D. Lactam anions, formed in a separate vessel, are added to the polymer 
solution and polymerisation occurs without the addition of a cocatalyst. 
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TABLE 8. 
CAPROLACTAM POLYJ.iERISATION IN THE PI1ESENCE 
OF DISSOLVED POLY}:ERS. 
POLYMER: 'METHOD OF POLYHEH. 
POLYMEHISATION. 
POLYSTYHENE A NYLON 11 
POLYMETHYL 
METHACHYLATE le NYLON 12 
POLYCARBONATE D POLYSULPHONE 
PENTON A IHPACT STYRlDNJ<; 
METHOD OF· 
POLYHEHISATION. 
A 
A 
6 
A 
THEHHOPLASTIC STYRENE-ACHYLONITRILE 
RUBBERS A COPOLYHER 
TABLE 9. 
LAUROLACTAH POLYJ.:EHISATION IN 'fIlE PHESENCE 
OF DISSOLVED POLY~!EHS. 
POLYMEH. ~!ETHOD OF 
POLYNERISATION. 
POLYSTYHENE A 
HIP ACT STYHENE A 
PENT ON A 
POLYI1ETHYL 
Hr,'THACRYLATE I C 
ETHYLENE-VINYL 
AC:E.'TATE COPOLYHEHS • C 
POLYMEH 
NYLON 6 
NYLON 11 
THERMOPLASTIC 
RUBBl~IlS 
STYRENE-ACHYLONITE 
COPOLYMEH 
le 
METHOD OF 
POLYHElUSATION. 
A 
A 
A 
le 
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When sodium hydride is added to caprolactam at 1500 c :"odium 
caprolactam is formed and bubbles of hydrogen are seen to be evolved. 
If the solution is maintained si; 1500 C polymerisation doef. not 
appear to take plRce, even when high cRtalyst concentrations are 
used and the solution is held for several hours. The fact that the 
contents of the polymerisation tube arc still soluble in Hater 
confirms that no polymerisation has occurred. 
Vlhen N-acetyl caprolactam is added to caprolactam ",hich contains 
lactam anions. at 150°C rapid polymersiation occurs. This 'is the 
anionic polymerisation of caprolactam using a catalyst and a 
cocatalyst, the mechanism of which is described in Appendix 1. 
If caprolactam is polymerised in the presence of a dissolved 
polymer using a catalyst and cocatalyst as described in Hethod A 
the result is·a polymer blend. The results in Table 8 indicate 
that it is possible to prepare blends with many of the polymers 
by this method. Bethod A is used when there is no reaction 
between the catalyd and the dissolved polymer. 
If the method of polymerisation used is Nethod B it indicates 
that caprolactam can be polymerised in the presence of a dissolved 
polymer without the addition of a coca·talyst. \~hen eodi urn hydride 
is added to a solution of caprolactam containinG: dissolved polysulpbone 
rapid polymerisation is observed to take place, the rate of reaction 
being dependent on the catalyst concentration. As it had already 
been shown that caproloctam vlould no'; homopolymerise at 150°C 
without the addition of a co catalyst it seemed likely that the 
polysulphone Was acting as the cocatalyst. 
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As the original experiment \1as performed with polysulphone Vlhich 
had not been purified in any Hay it Vias posGible that an additive 
Was acting as a cocatalyst. An experiment Vias devised to sho\1 
that it \1as the dissolved polymer \1hich was acting as the cocatalyst 
in the reaction. A sample of reprecipitated polysulphone "as 
dissolved in caprolactam and the solution was maintained at 150oC. 
To it Was added caprol'lCtam containing lactam anions Hhich had been 
formed in a separate'vessel, Care being taken to ensure that all 
the sodium hydride had reacted. The solution containing the 
polysulphone polymerised in ,a time which was compnrable Hi th the 
original experiment ( crystallisation occuring within 15 to 20 
r.inutes depending on'the catalyst concentration). Polymerisation 
can only occur if the polysulphonc is acting as the cocatalyst 
for the reaction. 
If the catalyst reacts more readily Hith the dissolved polymer 
than with the monomer the lactam anions must be formed in a separate 
vessel for polymerisation to occur. In Method C a co catalyst 
must be used to polymerise the caprolactam and a polymer blend is formed. 
If D is the Nethod of polymerisation the dissolved polymer 
acts as a cocatalyst in the polymerisation of caprolnctar.1 and the 
lactam anions must be formed in a se})arate vessel. Caprolactam 
can be polymerised in the presence of polycarbonate by this method. 
The use of polycarbonntes as cocatalysts in caprol.actam polymerisation 
has been described in the patent literature69 but no indication of 
the composition of the polymers or the reaction mechanisr.l is given. 
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Laurolactam can be polymerised in the presence of all the· 
polymers soluble in it by !1ethods A and C, none of the polymers 
acting as cocatalyst for the reaction. 
The results shO\, that there are tHo factors determining the 
method of polymerisation of the lactam monomers. The first is 
the reactivity of the catalyst towards the dissolved polymer and 
the second is the ability of some polymers to act as cocatalysts 
in the polymerisation of caprolactam. If the catalyst reacts more 
rapidly with the dissolved polymer than Hith the monomcr, the lactam 
anions must be formed in a separate vessel for polymerisation to occur. 
liowever, the major significance of the polymerisation experiments 
is the ability of the dissolved polymer to act as cocatalyst in the 
polymerisation of caprolactam. As the dissolved polymers act as 
cocatalysts it seems probable that copolymers I-lill be formed. 
After considering the results of the polymerisation experiments 
it '1as decided to follow t,;o separate courses of work. 
The first, and most important, >!as the polymerisation of 
caprolactam in the presence of dissolvcdpolysulphone as the 
results of some solubility experiments indicated that polycaprolactam-
poly sulphone copolymers had been formed. 
order 
(a) to deternine the copolymer cor~osition 
Polymers w.ere prepared in 
(b) to attempt to determine the reaction mechanism 
(c) to reak'] a microscopic study of the structure of the copolymers 
(d) to study some of the physical properties of the copolymers and to 
con:pare them with a comClercial nylon 6. 
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Secondly, polymer blends of polycaprolactam with polystyrene, 
impD.ct styrene and SBS thermoplastic rubber Here prepared. The 
blends \Vere prerared in order 
(a) to deter~ine the polymer blend composition 
(b) to make a microscopic study of the structure of the blends. 
(c) to study some of the physical properties of the blends and compare 
them "i th polycarrolactam. 
It Has hoped that the preparation of blends \Vith polystyrene 
present in different forms might provide inforrJation by which it 
"ould be possible to determine some of the factors governing 
polymer compatibility.with crystalline polymers. 
2:33 CAPROLACTAN POLYMEllISATION NI' 176°C. 
o The aim of this experiment was to show that 150 C was the 
most suitable ter.lperature at Iyhich to perfom the solubility 
experiments and that increasing the temperature would produce 
a more complicated system. Attempts were made to polymerise 
caprolactam at 176°C usir~ various catalyst concentrations but 
without the use of a cocatalyst. The contents of the polymerisation 
tubes were extracted with Hater in a soxhlet extraction apraratus 
and the amount of monomer converted to polymer for the va.rious 
catalyst concentrations was calculated. The results given in 
Table 10, and illustrated in Ficure 2, shoH that appreciable 
polymerisation Can occur. 
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TA..BLE 10. 
CAPllOLAC'l.'AH PCLYI1E;;USA'rION AT 176°C YlITHOUT 
No. 
A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
THE USE OF A COCA'l.'JlLYST. 
CATALYST 
CONCEIlTRATION 
(EOU; 56) 
2.15 
1.38 
1.15 
0.58 
0.40 
1.15 
0.88 
2.53 
1.73 
~:O!!OHER 
CONVERSION 
(%) 
39.2 
39.9 
51·5 
37.4 
3.4 
46.4 
14.8 
86.7 
86.1 
The lowest temperature at which the solubility of polymers 
in lactam monomers can be studied is 150°C because this is the 
melting point of laurolactam. Increasing the temperature at "hich 
the experiments are performed is expected to increasE polymer 
solubility. HO'Never, "hen the monomers are polymerised in the 
presence of di.ssolved polymers reactions might occur which will 
complicate the interpretation of the results. Caprolactam cannot 
be polymerised at 1500 C by an anionic mechanism without the use 
of a cocatalyst. The results of these experiments s!:O\< that at 
176°C caprolactam can be polymerised without the use of a cocatalyst, 
the amount of mono mer converted to polymer depending on the catalyst 
concentration. 
CAPROLACTAM POLYMERISATION AT 176°C . 
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Although the results are scattered there is a steady increase 
in monomer conversion as the catalyst concentration is increased. 
The results· of the experiments at 1500 C sho" that some dissolved 
polymers can act as cocatalysts in the polymerisation of caprolactam 
with the formation of copolymers. I f copolymers '·,ere prepared at 
176°C they would be expected to contain some polycaprolactam due to 
homopolymerisation lihereal, at 150°C all the polymer chains are 
initiated by the dissolved polymer. Any polycaprolactam homopolymer 
present in the copolymers prepared at 150°C will be formed by the 
degradation reactions described in the mechanism of the anionic 
polymensation of caprolactam (Appendix 1) but this is expected to 
be negligible under the reaction conditions used. 150°C is therefore 
the most suitable temperature at which to perform the solubility 
and polymerisation experiments. 
3. POLYSULPHONE - POLYCAPROL,\CTAM COPOLYt];llS. 
3: 11 }Wl'BRIALS. 
E CAPROLACTAH. 
SODIUM HYDRIDE, 
CUr:ENE. 
BENZENE, 
r':b"THANOL. 
were purified as described previously 
(page 52 ) 
Filtered technical grade methanol (Fison's Ltd.) was used 
for polymer precipitation. 
1.2 DICHLOf.{)ETHANE. 
1.2 dichloroethanc (!lopkins and ,Iilliams G.P.R.) for molecular 
\;eight determinations, Vias distilled once, the fraction boiling bet,/een 
82.5 and 83.5°C being collected. 
CELOROFORH. 
Chloroform (Fisan's SLIt Grade) for use in the soxhlet extraction 
of uncombined polysulphone, was used Vlithout further purification, 
mC~. 
m Cresol (Fison's 5LR Grade) was purified by distilling once 
upder vacuum at 700 C/3mm Hp; and stored in dark bottles out of sunlight. 
CELOROFORl1. 
Chloroform ( Fison's "Analar" Grade) for use in deterll'ining 
the solution properties of polymers containing polysulphone, was 
used Vlithout further purification. 
FORl-:IC ACID. 
Formic Acid ( Fison's 'Analllr' Grade 98%) was used without 
further purification. 
TOLUENE. 
Toluene ( Fison's 'Analar' Grade) 'IaS used vrithout further 
purification. 
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4,1+' DICHLORODJPHENYI, SULPHotrE. 
4.4' dichlorodiphenyl sulphone ( I.C.I.Ltd) Vias 
reprecipituted once from henzene, dried in a vacuum over at 
room temperature, and stored in a vacuum descicator. 
DIPHENYL SULPHONE. 
Diphenyl sUlphone ( Kodak Ltd.) was used Vlithout 
further purification. It ;Ias dried overnight in a vacuum oven 
at room temperature before use. 
4.4' DIAMINODIPHENYL SULPHONE. 
4.4' diaminodiphenyl sulphone ( I.C .I.Ltd.) was 
used without further purification. 
DIPllENYL ETHER. 
Diphenyl ether ( B.D.H.Ltd.) VIas used without further 
purification. 
POLYSULPHONE. 
TVlo grades of polysulphone, P1700 and P3500, were 
kindly supplied by B.X.L. They Vlere dried overnight at room 
temperature in a v~m oven before use. 
3.12 THE PREPARATION OF POLYCAPROLACTAH-POLYSULPHONE COPOLYHERS. 
Copolymers were prepared by polymerising caprolactam at 1500 C 
in the presence of polysulphone, using sodium hydride as the 
catalyst an:! tbe dissolved polymer as the cocatalyst. TVlo types of 
polycaprolactam-polysulphone copolymers I'ere made. The first type 
Vlere prepared containin~ 1C% by weight of polysulphone, with various 
catalyst concentrations, and polymer~sation times of 1,2 and i\ hours. 
The second type, containing 5,10 and 15% by I.eight of poly sulphone 
respecti vely, were prepared with fixed catalyst concentrations and 
polymerisation times. 
--- --~~-------------------------------------------------
The required amounts of polysulphone and caprolactara were 
weighed as solids into a glass polymerisation tube and dried 
overnight in a vacuum oven at room temperature. The polymc:risation 
tube was then fi.tted with a nitrogen bubbler and placed in a constant 
( 0 0 ) tem:gerature bath 150 C ± 0.5 C, the vapour of bOiling cumene • 
11hilo the polysulphone was dissolving some of the ca}lrolactam 
vapourised and then condensed on colder parts of the polymerisation tube. 
Not all of this could be returned to the melt so the amount of 
caprolactam weighed into the polymerisation tube was such that, 
when the final polymer 'iaS weighed, the poly sulphone content ';Quld 
be \dthin certain specifications. Hhen all the poly sUlphone had 
dis801ved the sodium hydride catalyst was added by the method described 
previously (page 57). 
As the polysulphone acted as the cocatalyst it was essential 
to ensure that the catalyst \laS thoroughly mixed in as soon as 
possible after it was added. Polymerisation could, in theory, 
start as soon as the sodium salt of caprolactam had been formed. 
\'Ihen all the /Oodi urn hydride had reacted, indicated by the evolution 
of no more bubbles of hydrogen, the solution viscosity appeared to be 
unchanged. I'lhen the viscosity of the polymerisation mixture started 
to increase the nitrogen bubbler was raised so as to maintain an inert 
atmosphere in the upper part of the tube for the duration of the experiment. 
The polymerisation tube was removed from the constant tef'pcrature oath 
. after the prescribed leneth of time and cooled Hi thin one minute. 
The polymer 'plug' \;as weighed as soon as possible after the polymerisation 
tube had been removed from the constant ter'perature bath. 
3:13 
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CONVERSIOF OF HONOMEH. 
The amount of caprolactam converted to polycaprolactam Was 
found by extracting shavings of the polymer with water in a 
soxhlet extraction apparatus. The shavings "ere obtained by turning 
the polymer on a lathe and had a thickness of about 0.2mm. 
About 2g of the polymer shavings were placed in a beaker and dried 
in a vacuum oven at room temperature overnight. The shavings had 
to be dried before the unreacted monomer was extracted because they 
absorbed "ater on standing in the atmosphere. The polymer was then 
weighed, by difference, into a soxhlet extraction thimble and the 
unconverted material was removed by extracting the shavings for 24 
hours using water as the solvent. The contents of the extraction 
thimble were then transferred to a ~leighed beaker, evaporated to 
dryness in an oven, and then dried in a vacuum oven at 600c overnight. 
The polymer waS first weighed when the temperature of the oven had 
dropped to room temperature. The polymer was then dried for further 
periods of 6 hours at room temperature to constant weight. 
3:14 DErERHINATION OF TIn; AHOUNT OF PGLYSULPHONE COHBHr.iCD. 
IHTH POLYCAPROLACTAH. 
For the polymers prepared containing 5, 10 and 15% by '·might 
of polysulphone it was found necessary to use two techniques to 
extract the uncombined polysulphone. 
For the polymers prepared containing 10 and 15% polyslllphone 
the uncombined polysulphone could be removed by simple chloroform 
extraction. Dried polymer shavings ( about 4g) from the monomer 
conversion experiments "ere ~reighed by difference into a soxhlet 
extraction thimble and then extracted for 3 days using chloroform 
as the solvent. The polymer shavincs were then dried and weighed'in 
the same \-Jay as in the monor.J.er conversion experiments. 
3:15 
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It!hen the polysulphone concentration was 5;6 by Heir,ht it was 
impossible to extract the uncombined polysu1.phone by simple 
chloroform extraction. A detailed discussion on the reasons 
for this is Given. in the section on optical microscopy, Polymer 
shavings from the monomer extraction experiments were weighed and 
then dissolved in a F.Qxture of forr-ic acid and chloroform. After 
reprecipitation in methanol the polymer was filtered into a soxhlet 
extraction thimble and extracted for 3 days Vii th chloroform. The 
polymer 'ms then dried and '1eiched in the way described for the other 
extraction experiments. 
HYDROLYSIS OF THE COPOLYllERS. 
The copolymers to be hydrolysed had first been extracted with 
"ater to remove any unreacted caprolactam and.then "ith chloroform 
to remove any uncombined polysulphone. About 4g. of the copolymers 
'1ere refluxed with hydrochloric acid (80ml. 50/50 by volume of 
concentrated acid) for 40 hours. After 40 hours the reaction mixture 
11as cooled and the contents of the flask \Vashed into a litre beaker 
with a large volume of distilled water. The contents of the beaker 
"ere filtered through a llo.4 sintered glass crucible, Vlashed "ith more 
distilled v/Ster and then dried in a vacuum oven. The solution \VaS 
evapourated to dryness and the compound obtained dried in a vacuum oven 
at room ter:1perature to remove the last traces of Hater .. 
A sample of polysulphone homopolymer Vias also reIluxed "ith 
hydrochloric acid for 1+0 hours. The Vlater insoluble ccrr:jJonent 
'das filtered and dried as described ahove; the solution on evaporation 
to dryness showed th",'e to be no '1ater soluble compounds. 
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3:16 MOLECULAll I1I:IGH'£ DETERHINATIONS. 
The molecular weights of the poly sUlphone components 
of the copolymers were determined at 37°C using a Hewlett-
Packard ( Type 302 B) vapour pressure osmometer. 
The solvent used was 1,2 dichloroethane and benzil was used 
as the calibration standard. 
Before any determinations were made. samples were dissolved 
in chloroform, filtered, precipitated in methanol, filtered again 
and then dried in a vaCuum oven at room temperature. Solutions 
were then prepared by dissolving 150-200mg of the polymers in 
1,2 dichloroethane, making the volume up to 10ml. and then diluting 
part of this solution to give solutions with polymer concentrations 
in the ratio 1: 2: 4: 8~ The molecular weights were then determined 
by the method laid dO\m in the instrument manual. 
In order to calculate the molecular \~eights the instrument had 
to be calibrated using a compound with an accurately known molecular 
weight. A solution of benzil in 1,2 dichloroethane was prepared, 
diluted and measurements made in exactly the same way as for the 
polysulphone polymers. 
3:17 ATTEl-lPrED CAPROLACTAl1 POLY/·!];RISATI01, UsrUG DIFFEHEN'':' COCATALYSTS. 
Attempts were made to polymerise caprolactam at 150°C using sodium 
hydride as the catalyst and compounds which might act as cocatalysts. 
The compounds used were /1,4' dichlorodiphenyl sulphone, diphenyl-
sulphone, 4,4' diamino diphenyl sul;.>hone and diphenyl ether. 
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The required amount of caprolactam was I;eighed into a 
polymerisation tube and dried overnight in a vncuum oven at 
room temperature. The polymerisation tube I;as then fitted 
with a nitrogen'bubbler and placed in a constant temperature 
bath. When all the caprolactam had melted approximately 
2 mole % of the sodium hydride catalyst were weighed in 
in the usual way. Hhen all the catalyst had reacted, shown 
to have taken place when bubbles of hydrogen ceased to be 
evolved, one of the compounds being examined as a co catalyst 
Was added. The amount added was approximately 0.6 mole %, 
more than sufficient to initiate polymerisation if the compound 
I;as a cocatalyst for the reaction. After two hours the 
polymerisation tube was removed from the constant temperature 
bath and its contents examined. 
for the remaining compounds. 
3:18 COPOLYHER DENSITIES. 
The experiment was repeated 
The densities of the copolymers were measured using a 
potassium carbonate solution-I<ater density column with a 
density gradient of 1.1 to 1.3. 
The marker floats I;hich fell I;ithi'n the range of the column 
I<ere cleaned and then placed in a sweep basket with the aid of 
tweezers. The s~leep basket was then lowered gently to the 
bottom of the column using the sweep motor. The floats were 
checlwd to make sure no air bubbles were attached to them. 
After the floats had reached equilibrium, a minimum of 2 hours 
was necessary, their positions IJere determined vii th the aid of 
a cathetor.leter. 'l'he spheres IJere measured at their centre of 
voiume and a graph of density versus cathetometer reading I,as plotted. 
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Three or four specimens were cut froi" each sl)x1ple 
using a sharp scalpel. The cut edr:es \iCre then checked to 
ensure that they were free from bits which might cause aL' bubbles 
to adhere to their surface. After the """pIes had been cleaned 
they \Vere dropped gently into the column 11ith the aid of t\Veezers. 
~lhen the samples had reached equilibrium, a minimum of 2 hours 
\-Jas a;!ain required, their centres of volume \"ere determined 
using a cathetometer. If there \Vas a spread of results for 
a pa~ticular polymer other saroples \Vere tried to see if the 
spread was real or splurious. Air bubbles were found to be the 
most common source of error giving rise to 10\V density values. 
As the column ;!as to be used more than once, the motorised unit 
\Vas used to s\Veep out the floats and sarrples. Any attempt to \Vithdra\V 
the basket by hand \;ould have resulted in the density eradient being 
disturbed. 
3:19 SOLllTIOrT PROPE1?rTES OF TIDe: COPOLYHEHS. 
Attempts were made to dissolve samples of the copolymers, which 
had been extracted 11ith \Vater and chloroform, at room temperatures 
in pu~e solvents and mixtures of solvents. Shavin.p's of the copolymers 
,;ere weighed into a test tube, the required volume of solvent''''"s added, 
and a ground glass stopper Has fitted. The test tubes were gently 
shaken for 30 minutes on a mechanical shaker and the results observed. 
If the !,olymer had not dissolved it Vla8 shaken for a fm'ther period, 
overnisht if nccessnry. Polymers \·,1c!ich had not dissolved after shaking 
overnight ,;ere considered to be insoluble in tr""t particular solvent. 
Atter::pts were made to dissolve polycaprolactam and polysulphone 
in the solvents used for the copolymers. 
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3:11Q, TllERt-lAL PHOPEllTIES OF THE COPOLnlEHS. 
The the1'l1k'll properties of the copolymers were examilled with 
the aid of a Du Pont 900 thermal analyser. 
A sample of the copolymer, approximately 10mg.in 11eight was 
placed in an aluminium sample pan and covered with a lid. The 
pan was then placed on the sample position in the D.S.C. cell. 
The reference position contained an empty pan and lid. The 
sample and reference pans were always placed in position at room 
temperature. If the starting temperature 11as below room 
temp",rature the cell 11as cooled with liquid nitrogen. If the 
starting temperature was above room temperature the cell was 
heated at the experimental rate, the pen being set to record the 
results when the temperature was reached. A steady stream of 
nitrogen was passed through the cell during the course of the 
experiment. o Increasing the temperature at a rate of 15 C per 
minute 11ith a nitrogen flow rate of 0.3 litres per minute gave 
satisfactory results. 
3:111 SPECTROSCOPY. 
3:111.1 INFRA RED SPECTllOSCOPY. 
Infra red spectra were run on a Pye Unicam SP200G infra red 
spectrometer. The samples were in the form of films cast from solution. 
3: 111. 2 JIl1JCLEAR I1AGNETIC RESONANCE SPEC'fROSCOPY. 
N.N.R. spectra were run on a Perkin Elmar N.N.R. spectrometer 
using CDC13 ahd D20 as solvents. This technique was used to analyse 
the water and chloroform soxhlet extraction products and the vater 
insoluble part of the hydrolysis reaction. 
3.112 
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OPTICAL lUCROSCOPY. 
A standard· slede;c microtome HRS modified GO that sections 
could be cut below room temperature. A cross section through 
the sall':flle holder is sho,m in Figure 3a. 
The specimen was parallelapiped in sh.:'lpe Hi th a cross· section 
similar to that sho,"n in Figure 3b as this Vias found to make 
cutting easier. The original steel knife ,"as replaced by a glass 
knife holder and a glass knife, the advantage of a glass knife being 
that it can easily be changed Hhen the edge becomes dull. 
Cooling specimens Hell belo\; their Tg is necessary to obtain 
thin Gcctions, but overcooling must be avoided as it makes the 
specimens too brittle. For the copolymers it Vias found that 
an acetone/solid carbon dioxide bath cooled the specimens sufficiently 
to allo"l sections 2 r thick to be cut. 
Once cut, a section Has floated on the surface of a small 
bath of glycerol (because of its high surface tension) Vlhich was 
o heated to about 100 C. ~'his a11o\·ls it to stretch and relax and 
eliminates deformations brought about by the cutting action. This 
treatment does of course have to be dispensed I<i th if one is interested 
in the crystalline structure of the polymer. It is found that by 
taking a polyme~ abO'JB its Tg in this WRy modifies its crystalline 
structure. The sample \vaS then \·,rashed in a t;-3mall bC4.th of distilled 
1tlater and mounted on a glass slide bev.cath a cover slip using a 
commercial mounting oil vdth a refractive index of 1.53. The sections 
were transferred from one bath to the other uGing " loop of thin Hire. 
Copper 
Block 
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The prepared slides \>Iere examined using a Reichart Ze';opan 
microscope fitted \>Ii th a phase contrast condenser and objectives 
for transmitted light. This instrument enabled a microscopic 
examination of the sections up to a magnification of 1250 times. 
Photomicrography \>Ias possible using a KAN ES photomicrographic 
system. Several different areas of the sections \>le re photographed 
at various magnifications for further detailed examination. 
The fill" used for the photomicrography viaS a fine grain negative 
film ( Pan F) >Ihich Was developed normally in Ilford ID 11, or, 
\>Ihere high contrast >Ias required, >Iith Kodak D8 high contrast 
developer. 
Assistance in this \,ork ;JaS kindly provided by Hr. G. Ravioli. 
PHYSICAL PllOPERrIES OF TIlL COPOLYJ1EHS. 
3.113.1 110ULDING l'IIE COPOLYf.[ERS. 
The polysulphone-polycaprolactam copolymers \;ere compression 
moulded in an electrically heated press ( Hoore 20 ton press) 
fitted ,lith >later cooling. T>lo moulus \>Iere used, one \;hi ch gave 
a "sheet" from \'Ihich tensile specimens could be cut, and one >Ihich 
gave a "slab" from which impact specimens could be cut. 
The mould sizes \>Iere 6" x 6" x 0.06" and 6" x 2" x 0.2" respectively_ 
The samples >lere moulded bet>leen stainless steel plates. Aluminium 
plates were placed between the stainless steel plates and the platens 
of the press to prevent the latter from being damaged. The stainless 
steel plates Here coated ,lith a P.T.F.E. spray just before use and 
this acted as a mould release agent. 
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The press I,as heated to the requirec. temperature which ,Ias 
between 2)0 and 2450C, depending on the polymer being moulded. 
It \>Ias found that a higher temperature was needed as the amount 
of polysulphone in the copolymer was increased. The polymers 
obtained from the polymerisation tubes were cylindrical, and as 
such unsuitable for moulding. If the polymer Was to be moulded 
into a "sheet" from 'Ihich tensile specimens ,/ere to be cut it 
I;as turned on a lathe to gi vc shavines which I,ere used to fill 
the mould. If the polymer was to be moulded into a "slab" 
_ ~'4 : 
from which impact specimens were to be cut, the polymer was cut 
into pieces .with a sali. The amount of polymer required for the tensile 
and impact specimen moulds was 15 and 12.5 Cms respectively. 
The- mould was assembled, filled with polymer, and then placed 
on the lower platten of the press which had been preheated to 
the required temperature. The press was closed until the top 
set of plates \,ere in contact with the top platten of the press. 
As the polymer melted the press ,'as closed at such a rate that both 
sets of plates were in contact with the platters all the time. 
When the mould was first placed in the press the temperature of 
o the plattcns dropped by about 10 C. When the temperature of 
the plattens had returned to the moulding temperature and the polymer 
had completely melted the mould was closed to a pressure of 20 tons. 
The moulding time for all polymers I<as 10 minutes. After the 
prescribed length of time the heating I-Ias turned off and the plattern 
ccoled, The mould Vias rerr.oved from the pr"ss when the terrrp8rature 
of the plattens had dropped to below 100oC •. 
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The "sheets" from which tensile specimens 'tcre cut had 
sood surface finishes and wer'e free from sink marks. Hhen 
polymers were moulded into "slabs" from which impact specimens 
could be cut,care had to be taken to ensure that whcn they 
melted they flowed and filled the mould. If this was not 
achieved the "slabs" contained holes and sink marks. In all 
cases the "slabs" had good surface finishes. 
3:113.2 TENSILE IlTRESS-STRAIN NEASUREHENTS. 
Tests were made on dumbell test pieces ( Figure 4 ) ~lhich 
were cut from compression moulded sheets using a die punch 
cutter. 
The tensile and elongation properties of the copolymers 
were studied in a constant temperature room ( 230 ± 
65% RH). 
An Instron Universal Testing Tensometer ( 110del TT-CN) fitted 
with a CTM load cell, was used to measure the tensile properties 
of the copolymers. The instrument was fitted with pneumatic 
jaws, the pressure on which was set to prevent sample slippage, 
but at the same time keep jaw breaks to a Il'inimum. 
Before any of the samples were tested the instrument WaS 
calibrated by the method laid down in the manual. Each test piece 
was then measured for thickness, to 1 x 107m, using a micrometer. 
These measurements were made about the portion to be tested and the 
results averaged. 
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TvlO lines,Oo.5 inches apart, were marked on the middle of the 
portion to be tested. The speci.men l;as then inserted centrally 
into the pneumatic jal1s and the jaws closed. The instrument VIas 
started and the test commenced. 
were used. 
TEST SPEED 
INITIAL JA~1 SEPARATION 
CHART SPEED 
TEST TENPERATUHE 
FULL SCALE Dr1fLECTION 
The following test conditions 
0.05nVminute 
0.04m 
0.05nVminute 
23° ..J- 0.5°C 
20 or 50 kg. 
The test was continued until the sample broke. The way in 
which the sample elongated was observed throughout the test. 
During the test the distance between the marks on the test portion 
"TaS followed and the distance between them when the sample broke 
was recorded. This Was achieved by holding a stiff piece of paper, 
graduated in 0.1 ins, alongside the specimen as it was being tested. 
3:113.3 CHAHPY H1PACT TEST. 
The impact strengths of the copolymers "ere determined using 
the Hounsfield Impact testing machine. The machine consists of 
a means of supporting the test pieces and a calibrated pendulum 
or Ht Upll. The machine will accept a series of interchangeable 
tups which cover the ranee of impact strengths likely to be tested. 
The energy stored in the tups varies from 21b. down to 1/.321b. 
~ 
The energy of fracture is equal to the initial energy stored in the 
tup, less the energy remaining after impact. 
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rrest specimens ~. inch i.n depth vJere cut from the compression 
moulded "slabslf and a standard notch was. cut into each sample 
using a Hounsfield notching machine. The thickness of the sample 
behind the notch was measured using a micrometer. 
The sample ,JaS placed in position on the machine and the 
tup raised. The tu::> was chosen to give a residual energy 
reading bet,lCen 35 and 7Cf;; of t he initial energy. The tup 
>las allowed to fall and strike the sa!'lple, the residual energy 
being recorded. Occasionally a sa~ple did not break cleanly 
and I<hen this happened the sar.:ple I<as discarded. After testing, 
the depth of the sar.1ple behind the notch was measured. 
3: 114 BRABE::DER PLASTOGRf,PH. 
Commercial hylon 6 and polysulphone "ere mixed in a Brabender 
plastograph. The machine II8.S heated by pumping hot oil through 
the jaws, one of which contained the r.1ixing scre"s "hich rotated 
in the opposite direction. 1'he two polymers Here mixed at 2400 C 
for various times. It waS found that after about 10 minutes the 
nylon 6 started to degrade even "hen the mixing chaF.,ber >!as flushed 
out with nitrogen prior to mixing. After the polymers had been 
mixed for a prescribed length of tir.1e, which ,Ias not morc than 
10 minutes, the ",achine WIlS stopped and the blended polymers quicl:ly 
removed. The polymer blends Here cO!'lpression moulded into "sbeets' 
from "hi.ch tensile test pieces were cut. 
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3:2 RESULTS AND DISCU0STON. 
3:21 COPOLYHEll CONPOSIl'ION. 
--- -,--
The effect of time and catalyst concentration on the 
polymerisation of caprolactam in the presence of dissolved 
polysulphone Vlas·studied. Three series of copolymers were 
prepared, each containing 10)6 by "eight of polysulphone, with 
polymerisation times of 1,2 and 4 hours respectively. For 
each series copolymers "ere prepared using various catalyst 
concentrations. 
It was ssumed that the amount of polysulphone lost during 
the polymerisation \'Ias negligible so that when the weight of 
the final polymer \<"-s known the percentage of poly sulphone in 
it could be calculated. For each copolymer the amount of 
caprolnctnm converted to polymer was determined by extracting 
shavings of the copolymer with "ater for 24 hours in a soxhlet 
extraction apparatus. Knowing the amount of polysulphone in 
each copolymer it Has possible to calculate the percentage 
monomer converted to polymer. The results, given in Tables 11~13, 
are the average of at least blo determinations and Here found to 
be consistent to within 1%. They are,illustrated in Figures 5-7. 
After the shavings had been extracted \;ith I<ater they 'Were 
extracted for three days in a soxhlet extraction apparatus using 
chloroform 8S the solvent. Any free poly sulphone clas extracted 
so that, knowing the original wei.ght of poly sulphone in the 
shavings, the amount combined I<ith the polycaprolactam could be 
calculated. 
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The results, the average o:~ at .least two determinations.,are 
given in Tables 11-13 and are consistent within a few percent. 
They are illustrated in Fi~Jres 5-7. The data is as measured, 
the consistency of anyone determination being approximately 
± 0.5%, hence the determination of the amount of polysulphone 
attached to the polycaprolactam can only be accurate to within 
::1:2.5%. 
Figure 8 shows the conversion of monomer to polymer with 
time for various catalyst concentrations. Figure 9 shmlS the 
percentage of the original poly sulphone attached to the 
polycaprolactam as the catalyst concentration is increased for 
the various polymerisation times. 
3:21.1 EON01-1ER CONVERSION. 
Figures 5-7 ShO',1 the conversion of mononer to polymer at 
various catalyst concentrations for polymeri.sation times of 
1,2 and 4 hours respectively. The curves are typical for 
caprolactam polymerisation using a catalyst and a cocatalyst. 
At- Very low catalyst concentrations, below 0.15 mole 95, no 
polymerisation occurs because degradation reactions destroy 
all the catalyst and lactam anions formed. 
, -
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T ABL1~ 1':,. 
POLYCAPROLACTAH-POLYSULPHONE COPOLYlillflS. 
B SERIES: POLYHERISATION TI/ill 1 HOUR. 
NO. CATALYS'J: % POLYSULPHONE ~6 HOI:01<ER 9{POLYSULPHONE I 
CONCENl'RATICJN IN FINAL POLYl<ER. CONVERl'ED TO ATl' ACHED TO i 
(}KlLE % ) POLY~;):;R POLYCAPROLACTAl1 
B1 1.78 10.03 95.73 89 
B2 1.86 9.97 95.41 89 
B3 0.28 10.06 6.50 
B4 0030 10.05 9·50 
B5 0.40 10.05 66.67 41 
B6 1.38 9.98 95.73 84 
B7 0 .• 91 9.93 95.81 -72 
B8 0.55 9.98 95.56 - 59 
B9 0.48 10.04 94.39 56 
B10 1.16 10.01 95.60 78 
B11 0.42 10.12 93.56 54 
B12 1.51 10.P3 95.56 85 
B13 2.19 10.06 95.58 91 
B14 0.61+ 9.97 95.44 63 
TABLE 1~. 
PDLYCAPROLf,CTAl·j - POLYSULPHONE COPOLYHERS. 
C "BRIES: POLYHERISATION TINE 2 HOURS. 
NO. CATALYST % POLYSULPHONE % MOl:OHER % POLYSULPHONE 
CONCENT RAT ION IN FINAL POLY1·1ER CONVEHI'ED TO ATTACHED TO 
(HOLE % ) POLYEER POLYCAPHOLACTAl-l •. 
C1 0.67 10.13 96.83 68 
C2 1.28 9.90 96.70 82 
C3 0.34 9.97 27.46 37 
c4 0.95 10.16 96.73 74 
C5 2.07 10.14 97.63 88 
c6 2.08 10.09 96.41 90 
c7 1.77 100 12 96.58 86 
c8 0.54 10.02 96.69 6'1 
C9 0.26 10.41 2.95 8 
- --
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TAilLE 13. 
POLYCAPFDLACTAH - POLYSlJLPHOUE COPOLYN1~BS. 
D S!cHU;S: POLYMl~HISATION TIHB~ 4 HOtms. 
NO. CATALYST % POLYSULPIlONE ~b NONOl1ER ~s POLYSULPllONE 
CONCErJTHATIOH IN FINAL CON1f1.cRl'ED TO ATTACHED TO 
(~;OLE 7~) POLYl1EH POLYHEH POLYCAPllOLACT All;. 
D1 2.12 10.24 97·73 89 
D2 1.02 10.10 97.93 77 
D3 1.31 10.08 97. 111 83 
D4 0.60 10.14 97.58 65 
D5 0.38 10.40 87.22 48 
D6 0.20 10.12 1.67 
D7 1.82 10.15 97.38 89. 
D8 0.84 10.08 97.48 71 
D9 0.28 9.98 18.39 
D10 0.21 10.19 6.73 
D11 5.11 10.09 95.34 94 
For catalyst concentrations between 0.15 and 0.25 mole % there is a 
small but gradual increase in the conversion of monomer "hich is especially 
noticeable for the D series "here the polymerisation time is 4 hours. 
For catalyst concentrations between 0.25 and 0.6 mole 56 the conversion 
of monomer rises rapidly to 90% and then more slowly to a limiting value, 
constant within 1~6 for each series, and dependent on the polymerisation 
time. The values are 95.5 * 0.5, 96.5:1:0.5 and 98.0 ± 0.576 for 
polymerisation times, 1, 2 and 4 hours respectively. In this range 
of catalyst concentrations more lactam anions are formed "'hich initiate 
more polymer chains "ith a resultant increase in the conversion of 
monomer to polymer. For catalyst c,)ncentrations bet,,,een 0.6 and 2.5 mole 7~ 
the conversion of monomer to polymer remains constant for each series, 
the values being those given above. 
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A polymer was prepared ,.ith a catalyst concentration of 5 mole % 
urn a polymbrisation ti.me of 4 hours. At this very high catalyst 
concentration thore is a decrear;c in the conversion of monomer to 
polymer but this is readily explained in terms of degradation 
reactions \ihich are the same as those which occur in normal 
lactam polymerisation by an anionic mechanism ( page 217). 
Figure 8 illustrates the conversion of mono mer to polymer 
with time for various catalyst concentrations. At catalyst 
concentrations betHoon 0.2 and 0.5 mole % monomer conversion 
is highly dependent on the concentration and on the polymerisation 
time. Increases in the catalyst concentration above 0.5 mole % 
results in only a small increase in monomer conversion. The 
polymers ",ill contain little monomer but there Hill be changes 
in the molecular ,·,eight distribution. of the polycaprolactam 
components of the copolymers. 
3:21.2 ANOUNr OF POLYSULPHONE ATTACHED TO POLYCAPROLACTAH. 
It is po~sible to calculate the amount of poly sulphone attached 
to the polycaprolactam in the copolymers by extracting any uncombined 
polymer Hith chloroform. Figures 5-7 show the amount of polysulphone 
attached to polycaprolactam at various catalyst concentrations for 
polymerisation times of 1,2 and 4 hours respectively. Because of 
the small differences .in weight involved the errors are greater than 
for the monomer conv'ersion experiments and this accounts for the 
scatter of points on t he curve. Even ,;i th catalyst concentrations 
as high as 5 mole % there is still almost 656 uncombined polysulphone 
in the polymer. 
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The tangential nature of the curves ShOi"lS that there can never 
be 10(6'£ incorporation cnd is-'indicati ve of a chain scission reaction. 
Figure 9 indicates that the curves are superi"'Possible which 
means that, as in the norr.1al anionic polymerisation of caprolactam, 
the reaction is controlled by the catalyst concentration. 
For the polymerisation times considered the percentage of poly sulphone 
attached to polycaprolactam is independent of time. Support 
for these conclusions is }!rovided by the res'11ts of the ex~eriments 
to determine the reaction mechanism. 
From these results it was decided to prepare copolJ'mers to the 
specific~ticns given in Table 1lh 
Polycaprolnctam-polysulphone copolymers Vlere !Jrepared to study 
the effect of catalyst concentration and polysulphone content on 
copolymer cot'1!,osition and sor.-:e physical properties of the copolymers. 
The polymerisation time "las tvlO hours and the polyrr:ers were prepared 
to the s!lccifications given in Table 14. 
SERIES. 
E 
H 
F 
J 
G 
K' 
TABLE 11t. 
% FOLYSULPHONE 
IN FOLn,,;R 
5 ± 0.05 
5 ± 0.05 
10 ± 0005 
10 ± 0.05 
15 ± 0.08 
10 ± 0005 
CAT/IJ,YST 
CONCBNTRNl'ION 
(EOLE j;) 
1 ± 0.05 
2 ± 000;i 
1 ± 0.05 
2 ± 0.05 
1 :t 0008 
1 ± 0.05 
*P:-eparcd using polysulphone \"lith a higher moleculbr weight. 
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For each series sufficient copolymers were prepared under 
the above conditions in order that some of their physical 
pro}lerties could be measured and their composition determined. 
Two polyr.oers from each series "ere chosen at random in order 
to determine their composition, measure the molecular weight 
of the polysulphone attached to the polycaprolactam arid to study 
other properties to be discussed later. The rer.oainder were 
subjected to physical testing. Details of all the copolymers 
prepared, and to which test each "as subjected are given in 
Appendix 2. 
Caprolactam polymerisation was atter~ted with sodium hydride 
as tr.e catalyst and other compounds which might act as cocatalysts. 
It ;'as hoped that the results from these atterr:pted polymerisations, 
together with the results of the copolymer composition experiments, 
a reaction mechanism could be proposed. 
3:22.1 COPOLYl·:ER COHPOSITION. 
The copolymers ;;ere extracted \,i th ;;ater and chloroform to 
rerr~ve any unreacted monomer and uncombined polysulphone respectively. 
The results of the extraction eKperiments are given in Table 15. 
It was found that if the polysulphone content ;;as 59h extraction 
with chloroform would remove little, if any, uncombined polysulphone. 
This can be explained in terms of the phase structure of the copolymers 
and is discussed in more detail in the section of optical rracroscopy. 
For polymers prepared ;;ith 5% polysulphone the uncombined polysulphone 
was ret".oved by extracting rcprecipitated copolymers Hi th chloroform. 
-111-
The extraction products were analysed by infra-red and N.B. R. 
spectroscopy. By comparing the curves with those for caprolactam 
and polysulphonc, it is clear that 'the separations were clean 
and satisfactoryo 
3:22.2 mNOHEH CONVEHSION • 
The results show that it is possible to make accurate 
determinations of monomer conversion whatever the catalyst 
concentration or polysulphone content of the copolymers. 
TABLE 15. 
POLYCAPllOLACTAH- POLYSULPHONE COPOLYl'IEIlS 
COPOLYl'IEIl COHPOSITION. 
CATALYST POLYSULPHONE CONVEHSION OF POLYSULPllONE 
NO. CONC. IN FINAL POLYHEH MONOI'IEH TO POLYHEIl COHBIliED IIITH 
(MOLE %) (%) (%) POLYCAPHOLACTAH 
(56) 
E1 1.01 4.99 96.99 82 
E8 0.98 5.02 97.12 84 
H7 2.00 5.03 96.18 91 
H12 2.01 4.99 96.29 93 
F10 0.97 10.00 97.05 76 
F13 0.97 9.99 ' 96.83 75 
J8 1.99 10.02 96.27 88 
J9 1.98 9.99 96.20 89 
G2 1.00 11f.93 96.90 63 
G9 1.01 15.00 96.83 61 
K1 0.99 9.99 97.03 78 
K2 1.01 10.02 97.05 79 
For all the copolymers the results were consistent to within 1;~. 
If the values for the copolymel's prepared with 1<::% polysulphone were 
to be plotted 011 FiGure 6 they \10uld lie exactly on the curve. 
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3:22.3 Al<Olmr OF POLYSUl.PHONE COl';Bn-riD "TIll POLYCAPROl.ACTfJ·l. 
E'or the polymers containinG 10 and 1596 polysulphone the 
amount of polysulphone combined with polycaprolactam can be 
determined by extracting sr.avings of the polymer I<i th chloroform. 
The values cannot be determined I<ith the saw.e accuracy as for the 
rnonomer conversion because of the smnll differences in weights 
involved. The average of th:-ee determinatiol'ls \>:as considered 
to give accurate results. If the values for the polymers prepared 
I<ith 1()Jj polysulphone I<ere to be plotted on Figure 6 they Vlould lie 
close to the curve. Vlhen polymers are prepared I<ith only 5~~ 
poly sulphone it is impossible to extract any uncow.bined polysulphone 
by simple chloroform extraction, The polymers had to be reprecipitated 
in order to produce a structure which allol<s chloroform to extract 
the uncombined polysulphone. There is a change in the phase 
structure of the copolymers as the polysulphone concentration is 
increased from 5 to 10% by \·;eight. 
3:22.4 HYDROLYSIS OF TE'; COPOLYHERS. 
The extracted copolymers I<ere hydrolysed by refluxing for 
fourty hours with a solution of hydrochloric acid. It has been 
108 109 . sr.o\<n I that nylon 6 lS almost completely hydrolysed by 
this solution to ~ aminocaprionic acid hydrochloride ,rhich is Hater 
soluble. If the molecular \"eight of the polysulphone segments in 
the copolymers are to be measured it is essential that they are 
not affected by the hydrolysing solution. Polysulphone was 
refluxed I<ith hydrochloric acid for fourty hours and recovered 
unaffected. 
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After the copolYr.lers h~d b~en hydrol;:;sed the insoluble part 
\·las filtered off, reprecipi tnted from chloroform and analysed. 
Infra red and N.lI.H. spcctcroscopy and differential thermal 
analysis shov/ed'it to be pure polysulphone. The \'later soluble 
part ",as recovered by evaporation and its melting point was 
determined by thermal analysis. The melting point of the 
o product Has 125-127 C and the literature melting point of 
€ Ar.lino caprioic acid hydrochloride is 122oC. 
Hydrolysis of the copolYr.lers gave two products, a water soluble one 
and one that is insoluble in \iater. The analysis of the ",ater 
insoluble part of the hydrolysis product ShOVlCd it to be pure 
poly sulphone • None of the analytical techniques used \iere 
able to detect the presence of polycaprolactam. The molecular 
weights determined are therefore the molecular \{eiIThts of 
the polysulphone combined with pOlycaprolactam in the copolymers. 
No attempt Has made to recrystallise the \later soluble part 
of the hydrolysis product. The melting point of the product 
obtained waS considered to be sufficiently close to t!le literature 
value of ~ amino caprioic acid hydrochloride for it to be that 
compound. 
The molecular weights of the polysulphone polymers from the 
hydrolysed copolymers were determined by vapour pressure osmometry. 
Plots of V/Cv~, I{here V is the bridge output voltage and C is the 
concentration are shown in Figure 10. The molecular weight is given 
by the follol{ing equation. 
- - - - - - (20) 
"here H;, is the number averar:e molecular weight 
K is the calibration factor. 
---------------------------
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Benzil, a compound Hith an accurately known raolecular 
weight was used as the calibration standard, and gave a 
value of 16,080 for the calibration constant. The molecular 
weie;hts of the poly sulphone polymers have been· calculated from 
equation 20 and listed in Table 16. 
SEIlIES. 
E 
H 
F 
J 
G 
K 
TABLE 16, 
~!OLECULAH \,r)nGfJ'!:s OF TUE FOLYGULPHONE 
crn:T})ol;£NTS or ;.rl~ COPOI}fr·J~HS. 
76 POr,ySULPHOlIE IN 
ORIGINAL POLy/cum. 
5 
10 
15 
10 
mLECULAR 
HEIGHT (HN) 
1148 
10lt7 
1247 
1128 
1398 
13'14 
AVERAGE NUHBEIl OF 
POLYSULPHONE UllITS 
2.60 
2.3'1 
2.82 
2.55 
3.16 
3,11 
The importan~of these results is that they confirm that chain 
scission of the poly sulphone molecules occurs during the polymerisation, 
a feature which must be explained by any proposed reaction mechanism. 
The results of the copolymer composition experiments had sug{~ested that 
the polysulphone molecule waS broken during the polymerisation but 
these results \1ere needed in order to prove it. The low molecular weights 
of the polysulphorie fr[tgments indicatcs that the polymer is an efficient 
cocatalyst for the anionic polymerisation of caprolactam. As expected, 
an incre[tse in the catalyst concentr[ttion resulted in a decre[tse in the 
molecular \wieht of the polysulphonc fraGments. Also, the molecular 
weiGht increnscs as the polysulphone concentration is increased. 
Although at first the values seem to be very similar the differences 
between them are of the right order of magnitude, taking into consideration 
the results of the copolymer compoBi tion experim<mts. 
----- -------------------------------------~----------------
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From the results it is also possible to make some cOFumcnts 
on the structure of the copolymers. It "ould appear that the 
copolymer molecules consist of long chains of polycaprolactam with 
one, and possibly more, 101, molecular "eight polysulphone fragments 
attached to them. It "'''s hoped that the experiments ",ith the 
attempted alternative cocatalysts would make it possible to 
propose a reaction mechanism and to determine "het her block or 
graft copolymers are formed. 
These results will be referred to again in the discussion of 
the copolymer density results and the photographs in the section 
on optical microscopy. 
3:22.6 A'TTE1:P'rED AL1'EHNATIV'i; COCATALYSTS. 
As polysulphone acts as a cocatalyst in the polymerisation of 
eaprolactam,attempts were made to polymerise the monomer using 
compounds ",hich might act as cocatalysts. 1'he compounds tried 
were small molecules ",hich resembled parts of the poly sulphone molecule 
and gave the following results. 
When 4,4' dichlorodiphenyl sulphona was added to caprolactam 
containing lactam anions polymerisation occured. 'l'he colourless 
solution turned \1hiteas the polycaprolactam started to crystallise. 
After a time, which depended on the cocatalyst concentration, the colour 
of the polymer changed from white, through yellow and o,ance, to red. 
\~hen shavings of the polymer were exposed to air and moisture their 
colour chanp;ed from red to white. 
-------------------------------------------------------------------------------------------
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v/hen diphenyl sulphone ,;as added to a solution of lactam 
anions no change in the viscosity of the solution "as observed to 
have taken place after two hours at 150oC. Extraction with 
\'later showed that no polymerisation had taken place. 
4,4' diaminodiphenyl sulphone did not act as a cocatalyst 
in the polymerisation of caprolactam. v/hen the contents of· the 
polymerisation tube were examined it was found that no polymer 
had been formed. 
Diphenyl ether, when added to caprolactam containing lactam anions, 
o failed to initiate polymerisation after two hours at 156 C. When 
sodium hydride was added to a solution of .caprolactam containing 
diphenyl ether the solution turned bright red but polymerisation 
did not occur. 
Of the compounds tried as alternative cocatalysts in the anionic 
polymerisation of caprolactam only 4,4' dichlorodiphenyl sulphone 
initiated polymerisation. A reaction mechanism is propoc€d "hich 
agrees ,;ith other work71 published subseq'lent to the present study. 
It explains "hy 4,4' dichlorodiphenyl sulphone initiates polymerisation 
and why other compounds tried do not. 
The first step, as in the anionic polymerisation of caprolactam, 
is the formation of lactam anions A by the reaction of the mono mer 
with sodium hydride ( equation 21). 
---- ------ - ----------------------
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\-Ihen the 4,4' diphenyl sulpho!!e cocatalyst is added it reacts 
I<ith the lectam anions Vlith the form"tion of mono and difunctiork"ll 
al~ides ( equation 22 ). 
o 
11 e 1",,-2. c- N 
'f{ 
o 0 
~-N A s..!iVL et + \ / V u y R 0 
B - - - - - - (22) 
and or o· 
o 0 
~-N~S~N-~ 
\ I '=' II-Y- \ / 
ReO . R 
At 10l;er catalyst concentrations it "lOuld be expected that 
more mon,)functional amide ,,,ould be formed. \'i1Oh chlorine the 
inductive and mesomeric effects are in opposite directions but the 
overall effect is that chlorine is an electron I<ithdrm;ing group. 
rrhe electron \.,ri thdra,"inG chlorine atoms have D. higher electron 
density than the carbon atoms' in the 4 and 4' positions a!!d this 
makes then labile to nucleophilic attack. 
The difunctional anLi.de C, dlle to the strongly electron ar.ylene 
group attached to the a.mide nitrogen is extrer~ely labile to base 
and undereoes very facile ring opening reactions ( equation 23). 
The sensitivity to base of compound C is such that it has 
eluded all attempts at isolation.71 Instead, high molecular weight 
polymer always resulted "henever free caprolactam monol'ler VaS present 
in the system. 'l'ho forr.1atio!! of C is slow and determines the 
rate ofIP-Gction, once it is formed polymerisation is very rapid. 
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Anicn D, being more basic th~n a caprolactam molecule, 
abstracts a hydrogen atom from the monomer and reforms a lactam 
anion ( equation, 24). 
Caprolactam polymerisation then proceeds with transamidation 
by lactam anion, folb"led by hydrogen abstraction as described in 
the mechanism of the anionic polymerisation of caprolactam (Appendix 1). 
Compound C is analagons to the same class of imides as 
N-acetyl caprolactam E 
?t /C=O 
CHBCN,k 
E 
It can be seen that both A and E pos>3ess a carbonyl group within 
a lactam ring which is activated towards attack by lactam anion. 
This activation is a function of the electron withdrawing power of 
the group attached to the nitroGen atom, and this sensitivity to 
base is I;hy both act as cocatalysts in the anionic polymerisation of 
caprolactam. 
Other activated aromatic halides which initiate polymerisation 
have also been investigated by Natzner. 71 His results show that 
there is a definite enhancement in the rate of polymerisation I;hen 
the he.lide is changed from chlorine to fluorine. An the first 
step in the polymerication is the formation of the diamide this "ould 
110 be expected as it is well known that the nucleophilic substitution 
of fluor'.des proceeds much faster than the corresponding chlorides. 
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An interesting aspect of this work ~Iar; the formation of' cross 
linked and gelled polymer when 4,'1' difluorodiphenyl sulphone 
was used as the cocatalyst. 'rhe gelled and insoluble material c 
was formed at the higher catalyst concentrations. No croGs-linked 
polymer was observed when p fluoro phenyl sulphone was used as the 
cocatalyst. The ease ",ith '1hich the cross-linking reactions take 
place in the case of the difluoro derivatives is undoubtedly related 
to the enhanced rate of nucleophilic substitution of these compounds. 
'11 
A reaction was proposed to explain these observations. 
4,4' diamino diphenyl sulphone and diphenyl sulphone do not act 
as cocatalysts in the polymerisation of caprolactam. In the former 
the overall electron donating effect of the amino group reflects the 
ease with which the nitrogen atom releases its lone pair electrons 
which is more than sufficient to ouhleigh the inductive effect of 
the group. The amino groups are therefore not susceptible to 
nucleophilic substitution. Vihether or not diphenyl SUlphone Hill 
initiate polymerisation depends on the effect of the sulphonyl: group 
on the 1T electron density in the phenyl group, and in particular 
on the carbon atoms in the 4 and 4' positions. The sulphonyl 
group is an electron '1ithdrawine group with a large part of its 
electron attracting power being due to its inductive effect. The 
carbon atoms in the 4 and 4' positions will have a reduced electron 
density but the effect is not strong enough to cause dipheriyl sulphone 
to initiate polymerisation. 
Diphenyl ether does Dot act as a cocatalyst in the anionic 
polymerisation of caprolactam because the lactam anions are not 
o basic enough to cause cleavage of the ether linkage, even at 150 q. 
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v/hen sodium hydride is added to cAprolactam containing diphenyl 
ether it reacts with is in preference to the monor.;er, by the 
reaction shOlm below ( equation 25 ). 
red coloured 
The colour of the solution changes from colourless to red, 
the intensity depending on the concentrations of sodium hydride 
and diphenyl ether. Although the sodium hydride, which is 
a strong base, is capable of cleaving the ether linkage no 
polymerisation occure because the species formed is not basic 
enough to react· \1ith caprolactam to form lacta" anions. 
3:22.7 PHOPOSED REACTIO'l HECIlANISH. 
By taking into consideration the ,.esults of the experiments 
to determine the copolymer composition, the rr:olecular ;;eight of 
thepolysulphone components of the copolymers and the attempted 
polymerisation with alternative cocatalynts it in possible to 
propose a reaction mechanism which explains all the observations. 
The reaction mechanism for the anionic polymerisation of caprolactar.l 
using polysulphone as the cocatalyst is shown schematically below 
(equation 26) 
c=o 8/
1 + N 
"R > 
-( 26) . 
F G 
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The first step in the polymerisation is th,= forma.tion of lactarn 
anions by the reaction of 50di urn hydride Hi th the monorner (equation 21). 
The ether linbH;e is then cloaved by the la.ctam anion because the effect 
of the electrcn \1i thdra\;ing sul"honyl group and the lone pair of electrons 
on the oxygen make it liable to attack. 
It is readily seen that species F :is equivalent to the one ""Thich 
is obtained Hit:':. 4,4 t 'dichlorodiphenyl sulphone. Once formed it 
reacts ra:pidly with a lactam anion acd polymerisatio.n ~roc(:eds by the 
usua.l r.:echaniGr.l to give hiGh molec'.llar weight poly~er. 
This mechanism v/ou.ld be expected to give block copolymers in which 
a lonG polycaprolacta~ chain is attached to part of a poly sulphone 
molecule, the length of the polysulphone component being dependent 
en the position of the cl'~aV'n.ge. Because of the number of reaction 
sites in a poly sulphone molecule it is expected that anyone 
pol.ysulphone molecule \,ill be cleaved more than once and that both 
AB and AJA type block copolymers will be formed. 
A reaction r.1echanism involving a chain scission reaction explains 
"Ih:! it is possible to extract uncombined polysulphone and why there 
is never 1007£ incorpora.tion, whatever the catalyst c(Jncentrationo 
It also explains 1:!hy the molecular weights of th0 polysulphone components 
of the co~oly~ers a~e small. 
Add::.tional evidence supuorting this reaction r::echaniGt;1 is obtained 
fror.! other properties of the copolymers studies and from the optical 
mi croGcopy at udi es. 
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3:23 OTHER PHOPERfmS OF THE COPOLYHEHS. 
3:23.1 SOLUTIOI'; Pl?OPEI?rIES. 
The solubility of the homopolymers and copolymers in pure 
and mixed solvents at room temperature was studied. 
are shol1n in Table 17. 
SOLVENT. 
FORHIC ACID 
N CRESOL 
CHLOROFORM 
TOLUENE 
FORMIC ACIDj 
CHLOROFORM 
1:1 
FORHIC ACIDj 
TOLUE~IE 
1:1 
TABLE 17.. 
SOLUTIOH PROPEHTIES. 
SOLUBLE 
POLynCRS 
NYLON 6 
NYLON 6 
POLYSULPHONE 
POLYSULPHONE 
NYLDN6 
POLYSULPllONE 
TllE cOPOJ,nlERS 
NYLON 6 
POLYSULPllOlIE 
THE COPOLYHERS 
The results 
InSOLUBLE 
POLYHERS 
POLYSULPllOlIE 
TIn.:; COPOLTI1ERSa 
POLYSULPIIOlIE 
THE COPOLYHEIlSb 
NYLON 6 
THE COPOLYHERS 
NYLON 6 
THE COPOLHIERS 
c NONE 
a. The polycaprolactam components of the copolymers are very 
sl1ol1en by the formic acid. 
b. The copolymers are very sli3htly soluble in m cresol but are 
insoluble at the concentrations chosen. 
c. The homopolymers are soluble in the mixed solvents at the 
concentrations chosen but are not as soluble in them as they. 
are in the respecti VB pure solvents. 
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All the polymer solubility experiments \'Iere made on polymers 
\;hich had been extracted \1ith water and chloroform to remove 
any ffionomer and,uncombined polysulphone respectively. 
In formic acid the copolymers became very sHollen but did not 
dissolve. Increasine the volume of solvent caused further sVlelling 
but not solution. As nylon 6 homopolymer is readily soluble in 
formic acid the results prov;.de additional evidence that a copolymer 
is formed during the polymerisation of caprolactam in the presence 
of dissolved polysulphone. If the polycaprolactam Vlere not in the 
form of a copolymer it ;;ould have dissolved in the formic acid 
and the poly sulphone , beinG insoluble, \1ould have settled out at the 
bottom of the tube. 
In m-cresol the copolymers are very slightly soluble providing 
more evidence of copolymer formation. As nylon 6 is readily soluble 
in m-cresol the polycaprolactam formed should have dissolved if it 
was present as homopolymer. Polysulphone is insoluble in both formic 
acid -and m-cresol but it appears that m-cresol is capable of dissolving 
small arr.ounts of 10'; molecular weieht polysulphone as the copolymers 
are Goluble in very dilute solutions. 
In toluene and chloroform, the t;;o solvents for'polysulphone used, 
the copolymers appear to be completely insoluble. The polysulphone 
cor:rponents 01.' the copolymers probably dissolve in the solvents but there 
is no observable evidence for this. 
-125-
In the t\W mixed solvents, one for each oomponent of the 
copolymers, the copolymers are soluble at the concentrations 
employed. Although they are soluble in both solvents the 
copolymers dissolve more readily in the formic acid/chloroform 
mixture because chloroform is a better solvent for polysulphone 
than toluene. Although nylon 6 and polysulphone homopolymers 
are soluble in the mixed solvents at the concentrations employed 
they are not nearly as soluble as they are in their respective 
pure solvents. 
3.23.2 COPOLYK,H DENSITY. 
The copolymer densities were measured using samples cut 
from unused impact specimens \1hich \</ere free frOIfl flaws. 
A straight line graph "as cbtained "hen a plot of cathetometer 
readinss versus float density Has plotted so that the polymer 
densities could·be calculated from it. The density of the 
polysulphone homopolymers use~ to prepare the copolymers 
\<Ias also measured. Each result shOl-ln in Table 18 is the average 
value from at least four samples. 
The results ShOH that the densities of the copolymers 
are similar ",hich is I1hat wou.ld have been predicted from the 110rk 
to deter~ine the copolymer composition and reaction. mechanism. 
The molecular Height dcterminations shO\; that during the polymerisation 
the polyoulphone molecule is ",leaved by a chain scission reaction 
so thnt the amount of polysulphone incorporated into each polymer 
molecule is small. 
POLYI1EIl. 
E6 
112 
F8 
J12 
G10 
K9 
P1700 
P3500 
-- -------------------
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~; POLYSULPHONE 
IN PO L Yl-,En • 
4.97 
10.02 
100.0 
100.0 
DENSITY 
(Kg/1) 
1.152 
1.145 
1.237 
This indicates that the densities of the copolymers should be little 
different from thllt of nylon 6 and this is I1hllt l1aS found. 'l'hc 
literature value for the density of nylon 6 is usually quoted as 
1.14 Kg/1 slightly less than that determi.ned for the copolymers. 
The slightly higher density for the copolymers prepared with the 
higher catalyst concentrations is probnbly due to better packing 
of the molecules because of their lo,:er molecular W'liCht and 
crystalli t e size. 
The crystalline nelting point of a sanple of nylon 6 homopolyner 
prepared by anionic polymeriso..tion, 8.ud the r.;eltins points of the 
polycapL'olactam comronents of the copolymers were measured and the 
results are shmm in Table 19. Figure 11 shOl<s the traces obtained for 
the copolymers, all of which Here similar, and for the nybn 6 horr.opolymer. 
TYPICAL D. S. C. TRACES FOR THE COPOLYMERS AND 
A NYLON 6 HOMOPOLYMER 
E:O r======N~Y~lO_n_6 ___________ __ 
Copolymers 
I1T 
\!f 
ENDO 
100 120 140 160 160 200 220 
TEMPERATURE (OC) 
240 
11 
t-1 
Q 
C 
:;0 
m 
POLYHER 
rriLON 6 
Ea 
H12 
F10 
J9 
G9 
K1 
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TABJ~"S 19. 
CRYSTAU,IllE EBLTING POIN1'S OF NYLON 6 
TEE POLYCAPROLAC'l'AH POLYSULPUOtrE CCPOLYl1E:HS. 
% POI,YSULPHmrE 
•. IN POLYHER 
0 
5.02 
4.99 
10.00 
9.99 
15.00 
9.99 
CRYSTALLINE 
!·1ELTING POINT 
(oC) 
225 
222 
220 
223 
220 
221 
220 
Although Figure 11 illustrates only part of the melting curve 
of the nylon 6 homopolymer and all the copolymers they were 
subjected to thermal analysis between -100 and 2800c. 
The most important information obtained from these curves is 
the c~{stalline melting points of the polycaprolactam components 
of the copolymers and the nylon 6 homopolymer. The melting points 
quoted in Table 19 are taken as the lowest point on the melting 
enc!.otherm. The shape of the melting curves for the copolymers 
indicates the presence of a second component. The nylon 6 
homopolymer has a sharp meltingenttotherm while the polycaprolactam 
components of the copolymers have broad melting~ndotherms. The 
temperature range of the meltingenciotherms of the copolymers I<as 
14-18 degrees C compared with 6 degrees for the homopolymer. The 
melting points of the copolymers are slightly lower than those of 
the homopolymer. Taking into consideration the sample weights, 
the areas enclosed by the meltingendotherms indicates that the degree 
of crystallinity of the copolymers is Slig:1t1y less than that of the 
nylon 6. 
-------._-------------------------------------
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It if' not unexpected that copolymer formation Hill reduce the 
degree of crystallinity by a small amount. This reduction could 
account for the small differences in density betHeen the copolymers 
prepared with the,different catalyst concentrations, Increasing 
the catalyst concentration should increase the amount of amorphous , 
polymer which Hill arranee itself better and give polymers "ith 
higher densities. There should also be a slight reduction in 
the crystalline melting point of the polycaprolactam component 
of the copolymers and this is Hhat is observed. 
There is no evidence of monomer in the copolymers. 
It is kno"n that crystalline polymers are in fact only partially 
I 
crystalline •• The t"o phase structure of a partially crystalline 
polymer is considered to consist of geometrically perfect regions, 
crystallites, surrounded by amorphous regions. The maximum 
crystallinity that can be obtained varies "ith the nature of the 
repeating unit. High crystallinity, 40-50% is obtained "ith 
polymers such as nylons because their regular structures permit 
chain alignment and a high degree of hydrogen bonding. 
The lo"er melting temperature and broader melting range of 
10\1 density polyethylene compared with that of high density 
polyethylene is a direct result of the I<ide distribution of 
crystallite sizes. Also, the gradual melting point depression of 
copolymers containing a small percentage of a second component is 
interpreted as being due to interference I<i th the crystalline str"cture 
by this component. 
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It would therefore seem probable that the broader melting 
curve for the copolymers is due to a combination of these effects. 
Photographs pf sections of the copolymers and nylon 6 homopolymers 
(page 134) shows the latter to have more regular spherulites. Because 
there is only a small difference in the molecular weight of the segments 
of polysulphone attached to the polycaprolactam it would be expected 
that there \1ould only be a small decrease in the crystalline melting 
point and this is what was found. 
3:23.4 APPEARANCE OF TEE COPOLYHERS. 
The colour and appearance of the copolymers prepared with various 
catalyst concentrations, polysulphone concentrations and polymerisation 
times were noted. ''':he change in colour of shavings of the copolymers 
when they were exposed to air and moisture was also noted. ~~ulded 
copolymers a~peared to have bette~ thermal stability than the 
polycaprolactam homopolymers. 
Copolyme~s p~epared with catalyst concentrations of less than 0.75 mole ~6 
were almost colourless, or a very pale pink colour. Hhen the catalyst 
concentration was increased to 1 mole % the copolymers had a definite 
pink colour but there also seemed to be a thin white sheath around the 
polymer. At catalyst concentrations of about 2 mole % the copolymers 
had a yellow-orange colour which became more orange as the catalyst 
conce"ntration was increased. The copolymer prepared \,i th a catalyst 
concentration of 5 mole 5$ Was an intense oranGe colour. Shavinr;s of 
most of the copolymers were ·found to give a I-Ihite polymer after standing 
in the atmosphere for a period of time. 
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Copolymers prepared with c"talyst cOl:centrations of 1 mole % "ere 
usutdly will te after standing overnight, those prepared HUh 11 
ca.ta.lyst concentration of 2 mole % took a little longer. The 
copolymer' prepared using a very high catalyst concentration did 
not give a really white colour, even after extraction "ith vlater. 
The most probably cause of the colour in the copolymers is 
ions "hi ch were not able to terrroinate \~hen the polycaprolactam 
cry st alli sed. The higher the catalyst concentration the greater the 
number of ions formed and more intense is the colour of the polymer. 
\vhen exposed to air and moisture these ions react readily with 
a resulting loss of colour. 
The better heat resistance of the copolymers compared vii th 
the nylon 6 homopolymer is undoubtedly due to the poly sulphone 
v/hich has good heat resistant properties. These properties 
appear to be retained by the polymer even though it undergoes 
chain scission reactions during the polymerisation. 
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3:24 OPTICAL EICROSCOPY. 
Sections of the copolymers and a nylon 6 homopolymer were 
prepared as described (page 92) and the results are shown in 
plates 1 - 9. Conditions appropriate to the plates are given 
in Table 20. 
T&'3LE 20. 
PLATE NUMBEH POLY SULPHONE J.1AGNIFICATION I·IODE 
CONTl>NT (%) X 
1 5 64 PHASE COIlTRAST. 
2 10 64 11 
3 15 64 11 
4 10 160 CROSS POLAHS 
5 15 160 11 
6 0 160 11 
7 10 160 PHASE CONTHAST. 
8 15 160 11 
9 0 160 11 
Plates 1-3 are phase contrast photomicrographs of polycaprolactam-
polysulphone copolymers containing 5,10 and 15% by weight of polysulphone 
respectively. Plate 1 sho,1S that the copolymers containl.ng 5% by weight 
have a continuous phase of polycaprolactam and a dispersed phase of 
poly sulphone • The plate shows the dispersed phase particle size 
to be very small, which is what would be expected if the polysulphone 
molecule is broken during polymerisation. The small size ef the dispersed 
phase particles explains why any uncombined polysulphone cannot be removed 
by simple chloroform extraction. It is impossible for the chloroform, 
'Ihich is a non oolvent for polycaprolactam, to penetrate the continuous phase. 
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Plate 1 + 
Plate 2 
Plate 3 ~ 
L-______ ~ ________________ __ _ 
Copolymer 
Containing 
5% Polysulphone 
Copolymer 
Containing 
10% Polysulphone 
Copolymer 
Containing 
15% Polysulphone 
~ Plate 4 / 
..1.J.L Plate 5 ) 
Plate 6 ~ 
Copolymer 
Containing 
10% Polysulphone 
Copolymer 
Containing 
'15% Po[ysulphone 
Nylon 6 
Homopolymer 
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Plate 7 + 
~ Plate 6 J 
.2lL Plate 9 / 
Copolymer 
Containing 
10% Polysulphone 
Copolymer 
Containing 
'15% Polysulphone 
Nylon 6 
Homopolymer 
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As the amo:mt of polysulpho~e in the polymers is increased fro", 
5 to 10% by weight there is a definite cha~oe in the phase structure. 
v,'hen the polysulphone concentration is 1Cf,0 by weight it appears t::> 
form a definite continuous phase with the, polycaprolacta", forming the 
dispersed phase. However, by using a staining technique it has been 
shown that the "continuous" phase does in fact contain polycaprolactam. 
The polycaprolactam will penetrate the "continuous" phase because 
the molecules are attached to the polysulphone. Thellcontinuoustl 
phase also contains any fragments of poly sulphone molecules which 
are not attached to polycaprolactam. Because the "continuousll 
phase is a polysulphone rich phase it is possible to extract any 
uncombined poly sulphone by soxhlet extraction with chloroform. 
v/hen the polysulphone content is increased to 1Yb there is a 
further, but less dramatic change in the phase structure. The 
phase structure of the copolymers appears to be changing from one 
with definite continuous and dispersed phases to one where the two 
phases are interpenetrating. Staining again shm,ed that the 
polysulphone phase contained polycaprolactam. Because of the phase 
structure of the polymer it '1ms again possible to extract the 
uncombined polysulphone by sin~le soxhlet extraction with chloroform. 
, 
Plates 4-6 "!ere taken with the sa"'ples viewed through cross 
polarisers and show the spher'lli tic structure of the copolymers 
and a typical nylon 6 homopolymer. Plates 4 and 5 are of polymers 
containing 10 and 15% by weight of polysulphone respectively and 
plate 6 is of nylon 6 prepared by direct casting. 
...... • .,..7 .. _ ""I!I_ .... _ 2 3 ... ___ 7 ..... __ .... ... ... 7 __ • 
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The ordering could be due to the restraining effect of the polysulphone 
which l'as been forced into the continuous phase even thoueh thel-e 
is no evidence of a b;o phase structure from these plates. 
As the polycaprolactam in the copolymers !,enetrates the continuous 
phase it is not unexpected that evidence for the presence of 
polysul!,hone is only obtained from the plates taken under phase 
contrast conditions. Plate 5 S'lOWS that, because the molecular 
It/ei.ght of the poly sulphone in the tlcontinuous" phase is very 10\01, 
it cannot be seen under cross polars even ,,'hen the concentration is 
15% by ,,;eight. 
Plates 7-9 are the same sections as plates 4-6 but were taken 
using a phase contrast condenser. Because of the higher magni fication 
plates 7 and 8 show the phase structure of the polymers containing 
1C and 15% of polysulnhone in more detail. 
- -
Plate 9 is of nylon 6 
and is used for comparison purposes only. 
3:25 PHYSICAL Pl~?E:(rIES. 
Some Jlhysical properties of the copolymers were deterr::ir..ed and 
compared \oIith those of a co",mercial nylon 6. "The copolymers were 
prepared to the specifications given in Table 13. Tables 1-6 
Ap!lendix II give details of all the copolymers prepared and the test 
to \i:'iich each \\ras subjected. 
3:25.1 TE:,SILE STRESS-STRAIN TEST. 
From each com!lression moulded sheet te<enty dut'Obell test ,)ieces coula 
be cut. Ha.lf \·/ere stored in a vacuum descicator over phosphorus pent oxide 
for at least a week before testing and \'1ore knoh'n as the IIdry" sarnples. 
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The remainder were allowed to come to equilibrium in a 
constant temperature room (23°± o.50 Cj 65% RIl) and were known 
as the "equilibrated "samples. 
Figure 12 shows a typical tensile stress strain curve 
for a r3rd, tough polymer. 
YIELD POINr 
The yield point is the first stress level on the stress-strain 
curve at which the slope of the curve becomes zero. The terr.! 
is an arbitary one, in general, since deviations from Hookian 
behaviour take place before and after the point. 
YIELD STRENGTH. 
The yield strength of a material is the apparent stress at the 
--
yield point; as defined above. At this point a specir.!en is 
considered to be damaged, though the damaging effects are 
considered to be negligible at stresses slightly below the value. 
The apparent stress, calculated by dividing the load by the original 
minimum cross sectional area of the test piece, is itself slightly 
lower than the true stress. The results are expressed in mega NNltons 
per square metre. 
PE::;CEliT AGE ELONGATIOn AT BIlEAK. 
The percentage elonGation at break is the percentage elongation 
at the ~oment of rupture. It is calculated by dividing the 
exterJ3ion at the r.1oment of ruptur0 of the specimen by the orieinal 
distance bet·,leen the gauge marks and multiplying by 100. As such 
the values are slightly 10\~er than true strains at the moment of rupture. 
1 . 
A TYPICAL TENSILE STRESS- STRAIN CURVE 
FOR A HARDJ TOUGH J POLYMER 
i 
-> 
VJ 
A= Yield Point -n \0 I 
....... 
o'~fYield Strength Q A c 
Ca:: Elongat ion ;iD A 0'8 m At Break -" N 
Applied c:)e:: Ultimate 
Tensile Tensile 
Stress d!:J Strength 
1 
- --------- -- --
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ULTINATE TENSILE STRE~12!!!. 
The true ultimate tensile streos of a material is the 
tensile stress required to break it, calculated by dividing 
the load by the cross sectional area of the test specimens at 
the moment and point of rupture. 
In this work the apparent tensile strength at breakl1as 
determined. The tensile load was divided by the original cross 
sectional area of the specimen, the results being expressed 
in mega tlewtons per square metre. 
RESULTS AND DISCUSSION. 
The yield strengths, apparent tensile strengths at break and 
elongation at break for "equilibrated" samples of the copolymers 
and nylon 6 homopolymer are given in Table 21. 
The yield strengths of all the copolymers were lower than 
the yield strength of the corr.mercial nylon 6. The yield strengths 
of the copolymers preparedwi th ca.taJ.yst concentrations of 1 mole % 
I·rere similar, as were those for the copolymers prepared with 
catalyst concentrations of 2 mole ~~. The copolymers prepared with 
the higher catalyst concentration had slightly higher yield strengths 
than those prepared Hith the loY/er catalyst concentration. The 
yield strength of the copolymers prepared with the higher molecular 
weight polysulphone was similar to that of other copolymers prepared 
with a catalyst concentration of 1 mole 56. 
The tensile strengths at break for all the copolymers Y/ere greater 
than that of the nylon 6 homopolymer. 
The copolymr-:rs prepared Hith the lOHor catalyst ccncentration 
had the hiehest tensile strength at break. As the amount of 
poly sulphone in the copolymers HaS increased there appeared to be 
a slight decrease in the tensile strength at break. The copolymers 
prepared Hith the higher catalyst concentration appeared to have 
similar tensile strengths Dt break. Increasing the molecular 
• I Helght of the polysulphone used to prepare the copolymers resulted 
in an increase in the tensile strength at break. 
As expected, the elongationsat break for the copolymers and 
nylon 6 homopolymer folloHed a similar pattern to the tensile 
strength at break results. 
The tensile properties of the nylon 6 homopolymer and the 
copolymers Here also measured for samples Hhich had been stored 
in a vacuum descicator. The results are shoHn in Table 22. 
For these polymers it Has only possible to measure the yield 
strength and elongation at break. For the copolymers prepared 
wi th a catalyst concentration of 1 mole % there appeared to be a 
small but .gradual increase in the yield strenp;th as the polysulp'1one 
concentration was increased. The yield strengths of the copolymers' 
prepared 'dith the higher catalyst concentration appeared to be similnr. 
The yield strength of the copolymers appeared to increase as the 
molecular weight of the poly sulphone used to prepare them "as increased. 
The nylon 6 homopolymer had a yield strength similar to that of the 
copolymer prepared Hith a catalyst concentration of 1 mole % and a 
polysulphone concentration of 1Gb by "eight. 
--------
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'rABLE 21. 
POLYSULPHONE- POLYCAPWLACTAH COPOLYEEIIS. 
TE~!SILE PROPEI?l'IES OF "EQUILIBRATED"SAHPLES. 
CATALYST POLYSULPrONE YIELD TENSILE ELONGATION 
NO. CONCE1?l'RATION CONTENT STRENGTH STRENGTH AT AT BHEAK 
O1ou"%) (~6) (HN/Sq m) BREAK. (%) 
(NN/Sq m) 
E3 1.04 5.02 30.64 73.92 305 
E4 1.00 5.01 31.43 72.51 306 
E5 0.96 5.01 30.41 68.71 285 
E9 1.02 5.00 30.21 76.88 318 
F1 1.01 10.01 30.70 65.80 286 
F2 0.96 9.95 32.68 68.57 297 
F11 0.99 10.02 33.49 66.67 280 
F12 0.97 10.02 33.36 74.98 320 
G3 0.97 15.00 31.98 67.66 291 
G4 1.01 1[1.96 32.33 62.66 275 
G5 0.98 15.02 30.41 66.73 294 
G8 1.00 15.08 31.85 66.64 286 
H3 2.00 5.00 33.63 56.82 253 
H4 1.97 [1.97 35·12 67.67 295 
H6 1.95 4.97 34.83 66.30 312 
H10 2.00 4.98 35·22 57.71 261 
J1 1.98 9.98 34.89 64.07 293 
J5 2.05 10.04 32.96 65.57 292 
J6 1.96 9.97 34.57 . 63.24 281 
J10 2.02 10.00 38.55 55.39 286 
K3 1.02 10.04 31.63 71.41 310 
K4 1.02 10.00 31.20 73.53 318 
K5 0.97 10.01 30.28 68.26 298 
K8 1.00 10.01 31.76 73.19 310 
N6/1 114.69 54.92 204 
N6/2 43.84 67.28 . 306 
--- -~ .. ---~~-~--------~-
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TABLE 22. 
POLYSULPHONE-POLYCA2ROLACTAH COPOLYt'iERS 
TENSILE PllOP"BRrIES OF 11 DRY" SAEPLES. 
NO. CATALYST POLYSULPHONE YIf,'LJ) ELONGATION CONCEllrRATION cot/rENT STRENGrl! Kr BREAK. 
(mLE %) (~j) (NlI/sq.m) (~6) 
E3 1.04 5.02 76.76 189 
E4 1.00 5.01 75.86 227 
E5 0.96 5.01 75.62 240 
E9 1.02 5.00 75.51 143 
F1 1.01 10.01 81.49 98 
F2 0.96 9.95 83.71 170 
F11 0.99 10.02 82.68 160 
F12 0.97 10.02 81.11 186 
G3 2.00 15·00 84.05 167 
G4 . 1.97 14.96 83.55 103 
G5 1.95 15.02 83.04 179 
G8 2.00 15.08 85.66 12!t 
H3 2.00 5.00 79.02 122 
l!4 1.97 4.97 77.94 109 
H6 1.95 4.98 78.22 76 
l!10 2.00 4.98 77.42 80 
J1 1.98 9.98 78.74 119 
J5 2.05 10.04 88.87 74 
J6 1.96 9.97 78.34 139 
J10 2.02 10.00 84.47 28 
K3. 1.02 10.04 84.55 157 
K4 1.02 10.00 82.16 139 
K5 0.97 10.01 84.17 125 
K8 1.00 10.01 83.85 153 
N6/1 82.15 59 
116/2 83.04 84 
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The elongations at break for the "dry" samples were more 
scattered than for the 'b'quilibrated" samples. The copolymers 
prepared with the lovler catalyst concentration had the highest 
elongations at break. The elongation at break decreased as the 
poly sulphone concentration wns increased. The copolymers prepared 
with a catalyst concentration of 2 mole % had similar elongations 
at break. Increasing the molecular Height of the polysulphone 
used to prepare the copolymers did not appear to affect the 
elongation at break. The 'elongatic,n at break for the nylon 6 
homopolymer was less than that of all the copolymers. 
Figures 1~ and 14 show typical stress-strain curves for 
"ffJuilibrated" samples afthe copolymers and nylon 6 homopolymer 
respectively. After the samples had been stored in a vacuum 
descicator the homopolymer and copolymers ga':e similar stre6s-
strain curves, as illustrated in Figure 15. 
Hhen a tensile stress was applied to "equilibrated" samples 
of the copolymers (Figure 13) they came ur.der tension and then 
yielded (point A). The samples yielded by necking and then 
elongated by drawing in a regular manner towards one of the jaws 
until the \1idth of the dUf.lbell test piece started to increase. 
At this point there was a slight increase in the stress before 
the sample "yielded" again ( point B) and elongated by drm1ing 
towards the opposite jaw. ,;!hen the >lho1e of the t est area 
had elongated the sample came under tension again and finally 
b k ( . t C) N f th 1"" Id d" . ft th ro e p01n • one 0 e samp es Y1C e aga1n a er e 
test area had become fully elongated. 
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Although the overall shape of the stress-strain curve 
for the "equilibrated" samples of the homopolymer (Figure 14) 
\'Iere similar to those for the copolymers there were several noticeable 
differences. The yield. point (point A) for the homopolymer was 
more pronounced that those for the copolymers but it did not draw 
so easily. v/hen the sample had elongated to the point where the 
width of the test piece started to increase the~e ,IaS a sharp 
increase in the stress before it yielded again (point B). There 
was another sharp increase in the stress when the test piece 
became fully extended and the sample either broke, or "yielded" 
again (point C) at any point along its elongated length. Samples 
which "yielded" ae;ain only elongated a few more percent before 
breaking (point D). 
Drying the polymers had a marked effect on their tensHe 
properties as illustrated in Figure 15. The tensile stress-strain 
curves for the copolymers and homopolymer were similar. The 
yield strengths of the "dry" samples were much greater than those 
of the "equilibrated" samples but their elone;ations at break were 
less, especIally for the homopolymer and the copolymers prepared 
\'/ith the hie;her catalyst concentration'._ Because of thi s the 
"dry" sarnples were only occasionally fully extended as illustrated 
in ~'igure 15. 
Samples which became fully extended '-Ihen a tensile stress was 
applied, yielded (point A) and "yielded"tv/ice more (points B acd C) 
before breakine; (point D). Host of the samples broke before becoming 
fully extended and, as expected, there "ere several points where this 
occurred. It turned out that the points at which the samples broke (1-6) 
appeared to fall into two groups. 
-149-
They either broke as soon as the sample had yielded (1,3 E\nd 5) 
or at the point where the sample had become fully extended towards 
OtE of the jaws and the stress started to increase (2 and 4). 
\jhen pointCvlas reached, and the sample"yielded"'aeain without breaking, 
it only elongated a few more percent before it did so. 
The tensile stress-strain curves for the"equilibrated"samples 
show that the copolymers are hard, toueh materials. The areas 
under the stress-strain curves indicates that they have greater 
tensile streneths at break than the homopolymer. The shape of 
the stress strain curves shO\;s that the copolymers yield and 
elongate more readily than the commercial nylon 6 and indicates 
that they could be suitable for fibre forming. 
The results given in Table 21 sho'1 that, althoueh the oopolymers 
have yield strengths which are lower than that of the commercial 
nylon 6, their tensile strengths and elongations at break are greater. 
The tensile strengths at break given are in fact apparent tensile 
strengths at break because they do not take into account chanees 
in the cross sectional area of the E;amples as they elongate. 
Because of this the trends indicated are more pronounced and the tensile 
properties of the copolymer are improved with respect to those of 
the homopolymer. 
The results indicate that the deeree of crystallinity and molecular 
weight of the polycaprolactam component of the copolymers are the 
factors '1hich have most influence on the tensile properties of the 
copolymers. Thermal analysis indicates that the polysulphone causes 
a slight reduction in the (crystallinity of the polycaprolactam component 
of ~he copolymers. 
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It would be expected that the polycaprolactam components of the 
copolymers prepared with the lower catalyst concentration would 
have the highest molecular ,might. The results show that these 
copolymers have better tensile properties than t>,ose prepared 
with the higher catalyst concentration' •• 
Although the tensile stress-strain curves for the copolymers 
indicatps that they could form fibres with a high tensile strength 
it cannot be assumed that the copolymers "ith the best tensile 
properties ",ill form the best fibres. This can only be assessed 
by actually spinning fibres and all the factors I;hich could affect 
the fibre for~~ng properties of a polymer must be taken into 
consideration before any conclusions are drawn. 
The "dry" samples were tested in order to determine the effect 
of the polY8ulphone on the tensile properties of the copolymers 
in the absence of "ater "hich acts as a plasticiser for the nylon. 
Sebenda and cO\wrkers 111 have studied the effects of l'later and 
unreacted monomer on the physical properties of nylon 6 and 
shoVled then to be considerable. 
The results sholi that the molecular "eight of the polysulphone 
components of the copolymers is too low to have any significant 
eff~ct on their tensile properties. The copolymers in which the 
molecular weight of the polycaprolactam components is highest are most 
affected by drying with respect to the yield strength. These long 
polycaprolactam chains still elongate more readily than shorter ones 
when subjected. to a tensile stress and as a result have higher 
elongations at break. 
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IHPACT Sl'RENGrH. 
-_._----_._-
Impact strengths were measured en a Hounsfield Impact testing 
mach!.ne which measures the work done in breaking a nOLched test 
piece. The machine measures the ChB.rpy Impact strength of a 
lI'J3.terial and the results are quoted in HKS units, K Joules/m2 
behind the notch. 
From the comFression moulded ttslabs't!it ltlas possible to cut 
twelve test ~ieces. All the test pieces cut fror.r one "slab" were 
either allm'led to equilibrate in a constant temperature room 
(23 ± O.5°C 65% R!J) or sbroed in a vacuum descicator for at least 
a 'leek before testing. The snmplf:s v/ere referred to as the 
"equilihratedfl and "dry" sam:91es respectively and the results are 
shown in Tables 23 and 24, tog<:ther ",ith those for a cor.rmercial 
nylon 6. 
for the "equilibrated" sar.rples all the copolymers prepared 
!'Iith a catalyst concentration of 1 mole % had better impact strengths than 
the. commercial nylon 6. An increase in the amount of polysulphone 
in the copolymer~ resulted in a decrease in the impact strenzth. 
The copolymers prepared with catalyst concentrations of 2 mole ?b 
had impact strengths ",hieh ",ere less than those of the nylon 6 
homopolymer. Increasing the molecular weight of the poly sulphone 
used to prepare the copolymers resulted in a decrease in the impact 
strength. 
-------------------------------------------------------------------------
E2 
E6 
E7 
E11 
F3 
F4 
F5 
G10 
G11 
G12 -
H2 
H5 
H11 
H13 
J2 
J3 
J4 
K6 
K7 
K11 
N6/S 
N6/6 
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TABLE 23. 
POLYCAPROLAC'l.'AH-POLYSULPilONE COPOLUIERS. 
I1!PACT STllliNGTHS : 'EqUII.IBRATED"SAf!PLES. 
CATALYST 
CONCENTllA'l.'ION 
(HOLE%) 
0.98 
0.95 
0.98 
0.98 
1.04 
1.01 
0.99 
0.99 
0.99 
0.99 
1.98 
1.98 
1.99 
1.98 
2.03 
1.99 
2.01 
1.02 
0.98 
1.00 
-
O-ll Y 
- o~~ 
POLYSULPliONE 
CONTEI'Ir 
(76) 
5.02 
4.97 
4.98 
5.00 
10,00 
10.02 
10.01 
15.00 
15.03 
15.02 
4.99 
5.00 
4.98 
4.99 
10.01 
9.99 
10.00 
10.01 
10.03 
10.02 
CHAllPY 
UIPACT STRE~GTH 
(K JOULES/m -BEHIND mrCH) 
16.56 
16.48 
16.31 
15.38 
15.85 
15.45 
15.56 
13.12 
13.71 
13.33 
10.04 
10.83 
10.41 
10.51 
7.44 
8.15 
7.56 
13.22 
12.79 
12.81 
12.11 
12.08 
E10 
E12 
E13 
FG. 
F7 
F8 
F9 
G1 
G6 
G7 
H1 
H8 
H9 
J7 
J11 
J12 
K9 
K10 
:\12 
r:6/3 
116/4 
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TABLl, 24. 
POLYCAPROLAC'T AH-POLYSULPHONE COPOL n;l!~Il.S. 
Ull'ACT STRENGTHS: "DRY" SAt'PLES. 
CATALYST 
Cm!CEt,"rHATION 
(HOLE~6) 
0.98 
0.97 
1.03 
1.00 
1.05 
0.99 
1.02 
1.01 
0.96 
1.03 
2.01 
1.98 
1.97 
2.03 
2;01 
2.03 
1.03 
1.00 
1.00 
-' , \) 
POLYSULI'HONE 
CONTLl'f£ 
(%) 
4.99 
5.03 
5.00 
9.97 
10.00 
10.02 
9.99 
1 Lf. 99 
15·02 
15·01 
4.99 
5.00 
Lf.99 
9.99 
10.00 
9.98 
9.98 
10.04 
10.02 
CHARPY 
IHPACT STRENGTH 
(K JOULES/m2 BEHIND NOTCH) 
4.36 
3.96 
3.20 
4.21 
4.21 
4.30 
3.61 
3.43 
3.12 
}.20 
2.99 
2.87 
2·57 
2.08 
2.11 
2.25 
3.09 
3.18 
2.56 
5.26 
5.31 
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For the "dry" samples th0 impact strenGths of all the copolymers 
\~ere lOHer than that of the commercial nylon 6. The copolymers 
prepared with the lOHor catalyst concentration had better impact 
strengths than those prepared \;Hh the higher catalyst concentration. 
The impact strength decreased as the concentration of polysulphone 
in the copolymers was incre-ased. Increaaing the molecular \'leiCht 
of the po1ysu1phonc used to prepare the copolymers resulted in a 
decrease in their impact strength. 
A rough guide to the impact properties of a polymer can often be 
obtained from calculating the area under its stress-strain curve. 
As the area under the curve is increased the impact strength or 
toughness is expected to increase. It r.tight be expected therefore, 
that the impact strengths of the "equilibrated" sarmles of the copolymers 
will be greater tlli~n the impact strength of the homopolymer. 
\vhile this may be thE'< case' for many polymers it is important to 
remember tr~."t the tensile test is a slo\1 speed test compared with 
the in~act test and the results need not necessarily be in agreement. 
The results indicate that the main factors affecting the impact 
strengths of t'le copolymers are the polysu1phone concentratio,-, and 
the molecular weie;ht of the polycaprol!lctam component of the copolymers. 
IncreasinG the po1ysulphone concentration has an adverse effect on the 
impact :properties of the copolymers, increasing the molecular weight of 
the po1ycapro1actam component 118.5 a favourable effect. The effects act 
in such a way tlli~t the copolymers pre:pBred '"ith the 10lier catalyst 
concentration have better impact pro:perties than the homopolymer, 
those prepB,red Vlith the high cat,i):jst ooncentration poorer impact 
properties. 
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~he small amount of unreacted monomer present in the copolymers 
does not affect their impF,ct properties. Because of the adverse 
effect of polysull'hone on impact properties the area under the 
tensile curve is only partially successful in predicting the 
iqmct properties of the copolymers. 
The "dryll samples v/ere again tested in order to determine the 
effect of \oJater on the impact properties of the copolymers cnr!1pared 
to the homopolymer. Drying has a creater effect on the impact 
properties of the copolymers but it appears that the adverse effect 
of the polysulphone is not as great. The homopolymer has better 
impact properties than the copolymers because of its 7 7 
. .. 
d 113 •• II1IIII1II
01l1li •.•. _ IIIIIIi slightly higher degree of crystallinity • 
The presence of small amounts of additives such as antioxidants may 
h"ve a small effect on the impact properties of the homopolymer. 
The results indicate that copolymers v/Hh better tensile and 
impact properties than a co"",ercial nylon 6 can be prepared. 
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J: 26 HECHAIIIC AI, HIXING. 
BRABENDER PLASTOGRtcPl!. 
V/hen the blends Vlere compression moulded it I<as found that 
the "sheets" contained t\~O phases, indicating that the hlo polymers 
had not been thoroughly mixed. The "sheets" contained snall "lumps" 
up to 1mm2 , embedded in them. The "lu"'Ps", when cut out Vii th a 
scalpel, "Iere found to be cOr.lpletely soluble in chloroform. An 
infra red s!,ectram of a film cast from the chloroform solution sho>led 
the soluble material to be polysulphone. The Brabender plastograph 
traces did, however, indicate that the two polymers were reasonably 
well mixed. It \-/as noted that the surface appearance of the "sheets" 
was poor. 
Nylon 6 and poly sulphone will not mix in a Brabender plastograph 
at 2400C because their relative melt viscosities are not close 
enough at the &ixing temperatures. Raising the temperature and 
increasing the mixing time resulted in severe degradation of the 
nylon. Adding the polysulphone and allO\,ing it to reach the 
Ir1ixine: ter::perature before addi.ng the nylon 6 still gave a two phase 
system. The poor surface appearance of the moulded "sheets" vias 
undoubtedly due to the incompatibility of the polymers under the 
mixing conditions. Other attempts at blending polysulphone and 
112 polycaprolactam have also been unsuccessful. 
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It. POLYl1ER BLENDS WITH POLYCAPROLACTAH. 
4: 1 EXPEHHlENT AL. 
4:11 tL~TERIALS. 
CAPROLACTAH 
SODlut1 HYDRIDE 
N-ACETYL CAPROLACTAH 
POLYHERS. 
>/ere purified as described 
previously ( page 52). 
POLYSrYHENE (LUSTREX HFSS. NONSAllTO L~'D.) 
HPACT S'£Y)lr.i'lE (LUSTHES HT 42-1. HONSAliTO L'l'D.) 
THEREOPIJ,STIC RUBBER (rR 3202 SHELL) 
'rhese polymers, used in the preparation of the polymer blends, 
were dried overnight in a vacuum oven at room temperature before use. 
NYLON 6 (l1ARINYL F/106 I.C.I.) 
The physical properties of this polymer, a typical nylon 6 
homopolymer, I{ere moasured and compared with those of the polymer 
blends and polycaprolactam homopolymers prepared in the laboratory. 
4:12 PREPAHATIOi, Cl]? POLYHER ELEtIDS. 
The required weichts of polymer and caprolactam \1ere I{eighed: 
into a polymerisation tube and dried overnight in a vacuum oven at 
room temperature. The polymerisation tube was then fitted with a 
nitrogen bubbler and placed in a constant tempp.rature bath (150 ~ 
As in the case of the copolymers, the initial weight of caprolactam 
took into account 10"'3es due to sublimation during the course of the 
polymerisation. Ilhen all the polymer h"d dis[;olved the required 
\,eight of sodium hydride catalyst ;;as added by the method described 
previously (pace 5'1). 
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lihen all the catalyst had i'eacted, indicated by the evolution 
of no more bubbles of hydroten, the required vol,me of N-acetyl 
caprolactam "laS added from a microsyringe. The nitrogen bubbler 
was raised above the level of the mixture when the viscosity 
started to increase lr.arl~edly. A nitrogen atmosphere was 
maintained above the polymerising mixture durinf the course 
of the polymerisation. At the end of the polymerisation period 
which Was 2 hours, the tube was rer.;oved from the constant temperature 
bath and cooled quickly. The final polymer was \1eighed as soon as 
possible after the polymer had cooled. 
4:1}. CAPROLACTAH HOHOPCLYlJERISATION. 
. 4:14. 
After drying overnifht in a vacuum oven at room temperature, a 
polymerisation tube contain,h, the required I·/eight of caprolactam 
was fitted with a nitrogen bubbler and placed in a constant 
temperature bath ( 150± O.5°C). The sodium hydride catalyst 
was added in the usual way, and when it had all reacted the required volume of 
N-acetyl caprolactam cocatalyst ,JaS added from a microsyringe. A 
nitrogen atmosphere was maintained above the polymerising mixture for 
the duration of the polymerisation l1hich was 2 hours. The polyr.!er 
was weighed as soon as possible after the polymerisation tube had been 
removed from the constant temperature bath • 
HONOl·JEll COnVERSION. 
The amount of caprolactam converted to polycaprolactam in the polymer 
blends and homopolymers was determined by extractine; shavinGS of the 
polymers in a soxhlet extracti"n apparatus using Hater as the solvent. 
It as found that 24 hours Was sufficient to remove all the unreacted 
r.lonor.ler and 1011 molecular weight polymer. 
and drIed by the method described previously (paGe 86 ). 
4: 15 
4:16 
4:17 
4.18 
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I:OULDING TIfr; POLYHEH BWlmS AND POLYCAPJ::oLACTAH HONQPOL'ltIE]lS. 
'rhe polymer blends and polycnprolactnm homopol:rmers WE!!"e 
moulded in n "nO' similnr to thnt for the polycnprolactnm-polysulphone 
copolymers. The main difference vias that all the polymers could be 
moulded at 230oC, whereas some of the copolymers had to be moulded 
at higher temperntures. It was found thnt, as the amount of 
the second component in the blends "as increased the surface 
appenrance of the moulded polymers became rouGher and more 
heterogeneous. The polymer blends and homopolymers flowed to 
fin the moulds in a way similar to that for the copolymers. 
TliEHWtL ANALYSIS. 
The therm~l properties of the polymer blends and polycaprolactam 
homopolymers "lere examined on a Du Pont 900 thermal analyser 
using the technique described for the copolymers ( page 91). 
OPTICAl, NICHOSCOPY. 
Sections of the polymer blends ,<ere prepared and examined 
by the techniques used for the copolymers ( page 92). 
PHYSICAL PHOPEj·,'rIES. 
The test methods used to determine the tensile stress-strain 
and im~act properties of the polymer blends and polycnprolactam 
homopolymers were the same as those described for the copolymers 
(pa~es 96 and 97). 
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4:2 RES1;L'l'S AND DISCUSSION. 
Lf: 2~ -. PCLY~;f;R BLEND COl-POSIT ION. 
The effect of catalyst concentration, cocatalyst concentration 
and time on the polymerisation of caprolactam in the presence of 
polystyrene was studied. Two series of polymers, each containing 
10% by l1eight of polystyrene, \;ere prepared. For each series 
the polymerisation time and cocatalyst concentration were kept 
constant but the catalyst concentration waS varied. In the 
first series the polymerisation time \,as two hours and the 
cocatalyst concentration ( based on monomer) V/aS 0.17 mole %. 
In the second series the polymerisation time was four hours and 
the cocatalyst concentration was 0.28mole %. The amount of 
monomer converted to polymer was determined by extracting shavings 
of the blends vtith water in a soxhlet extraction apparatus for 
24 hours. The results are given in Taules 25 and 26 and illustrated 
in Figure 16. 
Before any blends were prepared to determine the effect of 
a second component on the properties of polycaprolactam two series 
of polymer blends "ith polystyrene ",ere prepared in order to determine 
suitable conditions for their preparation. 
Figure 16 shO\;s the conversion of mono mer to polymer for the 
two series. It shows t hat for catalyst conc.entrations above 0.4 mole 9b 
thel'e is little difference in the conversion of monomer to polymer 
wi th cocatalyst concentration and time. Between 0.15 and 0.40 mole % 
there is a slightly better conversion of monomer for polymers prepared 
\-d th the higher cocatalyst - concent:-ation and polymerisation time 
of il hours. 
'CABLE 25. 
POLYSTYIlEllE-POLYCAP.!'OLACTAH POLYMEH 3LE1:DS. 
POLYl'lEHISA'J'ION TlViE 2 nOUllS. 
CNl'AJ,YfJr COCA'rALYST POLYSTYRENE cornrErtsION OF 
L SEHIES CONCJ;;)''TllATIOH COrlCENTHATION IN FINAL POLY1·lER NOliOEU-1 TO 
No. (EOLE 56) (EOLE 56) (%) POLym;R (16) 
L1 0.68 0.17 10.21 95.28 
L2 0.41 0.17 10.19 95.11 
L3 1.53 0.17 10.15 93.76 
L4 0.48 0.17 10.09 95.93 
L5 1.68 0.17 10.02 95.73 
L6 2.53 0.17 10.13 94.56 
L7 ·0.65 0.17 10.08 94.95 
L8 1.15 0.17 10.03 95.57 
L9 0.93 0.17 10.02 95.21 
L10 0.25 0.17 10.03 95.59 
L11 0.52 0.17 10.02 94.93 
L12 2.00 0.17 10.03 911.21 
TABLE 26. 
POLYCAPROLACTAE-POLYSTYEEHE POLYHER BLI;;tlDS. 
POLYHEHISK_~ION TIHE l+ HOURS. 
CATALYST COCATALYST POLYSTYllENE COliVERSION .OF 
H SEHIES CONCENTHATION CorlC:Cl-.T HNi'ION IN FINAL POLYHER l·!ONOl·J;R TO 
No. (mLE96) (HOLE 56) (~n POLYJ.J;;R (5;) 
M1 1.73 0.28 10.12 94.97 
112 0.81 0.28 10.03 94.54 
113 0.74 0.28 10.06 95.01 
114 1.64 0.28 10.05 91+.69 
115 0.48 0.28 10.09 94.75 
]16 1.27 0.28 10.01 94.62 
M? 0.33 0.28 10.03 91+.47 
H8 1.11 0.28 10.13 95.81 
119 1.110 0.28 10.02 . 95·27 
M10 2.63 0.28 10.04 93.74 
1111 0.99 0.28 10.03 95.50 
1112 0.58 0.28 10.09 95.87 
1113 0.21 0.28 10.01 31.21 
! • MONOMER CONVERSION WITH TIME AND 
. CATALYST CONCENTRATION 
100 ~ 
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CATALYST CONCENTRATION (Mo[e%) 
At very 10,1 catalyst concentrations, belm; about 0.15 mole % 
no polymeriBation occurs because degradation reactions destroy 
all the catalyst and lactaCl anions formed. For catalyst 
concentrations between 0.15 and 0.60 mole % the conversion of 
monOCler rises rapidly to 9C1}6 and then more slo"ly to a limiting 
value I<hich is 94.5 ± 1%. As the catalyst concentration is 
increased from 0.6 to 2.2 Clole% the conversion of monomer to 
polymer remains constant within the values given above. 
for blends prepared I<ith high catalyst concentrations, above 2.5 
roole%, there is a decrease in the conversion of roonoroer. This 
decrease can readily be explained in terms of the degradation 
reactions which occur in lactam polymerisation ( APPENDIX 1) 
From these results it was decided to prepare the polymer 
blends to the specifications given in Table 27. 
4:22.' POLYHER BLENDS Arm H)LYCAPROLACTAM HOHOPOLYHERS. 
Polymer blends I<ith polycaprolactam "ere prepared in order to 
compare them with a commercial nylon 6 and polycaprolactam 
homopolymers prepared in the laboratory. 'Polymer blends were 
prepared using polycaprolactam as the main component "ith polystyrene, 
impact styrene and styrene-butadiene-styrene thermoplastic rubber 
as the second component. Limits were set on the amount of the second 
component of the blend and the catalyst and cocatalyst concentrations. 
for all the polymer blends the polymerisation time 'das t'.<o hours. 
) 
'l.'he blends were prepared to the specifications given in Table 27. 
._-
-------
SEHIES 
S 
T 
U 
V 
w 
X 
Y 
Z 
AA 
BB 
CC 
.. _-
--------
SECOND 
CO~U-'ONEm~ 
IN Tm~ BLEND. 
POLYSTYRENE 
HPACT 
STYRENE 
Tm;m:o-
PLASTIC 
RUBBER 
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TA,lI,E 27. 
% SECOND 
COHPONE!fl' 
THE BLEND. 
5 ± 0.05 
5 ± 0.05 
10 ± b.05 
15 ± 0.08 
5 :I: 0.05 
5 :l: 0.05 
10 ± 0.05 
15 ± 0.08 
5 ± 0.10 
10 ± 0.10 
15 ± 0.10 
IN 
CATAI,YST 
CO NCENTRAT ION 
(YOT" Cl) 
'I. ."I.W i{J 
1 ± 0.05 
2 ± 0.05 
2 ± 0.05 
2 ± 0.08 
1 ± 0.05 
2 ± 0.05 
2 :I: 0.05 
2 ± 0.08 
2 ± 0.05 
2 ± 0.05 
2 ± 0.08 
COCKrAI,YST 
CONCENTRATION 
(HOLE %) 
0.10 :l: 0.02 
0.21 :!:: 0.02 
0.22 ± 0.02 
0.25 ± 0.03 
0.10 ± 0.02 
0.21 ± 0.02 
0.22 ± 0.02 
0.25 ± 0.02 
0.21 ± 0.02 
0.22 ± 0.02 
0.25 ± 0.03 
Polycaprolactam polymers were prepared to the specifications 
given in Table 28. 
SERIES 
N 
P 
Q 
R 
TABLE 28. 
CATALYST 
CONCENTRATION 
(jI;OIZ 56) 
1 ± 0.05 
2 ± 0.05 
1 ± 0.05 
2 ± 0.05 
COCATALYST 
CONCENTHJlTION 
(HOLE %) 
0.1 :!:: 0.02 
0.1±0.02 
0.2 ± 0.02 
0.2 ± 0.22 
Details of the polymers prepared, and to which test each was 
subjected, are given in Tables 1-4 APPENDIX III. 
For each scrieB of polYr.ler blends and polyco..prolactam 
homopolymcrs the aC'lount of r.lOnOm0r converted to polymer '-las 
deterr.lined by extracting shavin[':G of the polymers '.1itl1 \>later 
in a soxhlet extraction apparatus. 'l\he result 8 sho\vn in Tables 29 
and 30 are the averac:e of at least two determinations~ 
No. 
s4 
T1 
U5 
V3 
Vi3 
X2 
Y7 
Z5 
AA5 
Bil1 
cc4 
% SECO?m 
CD1-:PDNEIIT 
IN BL]:;'lD 
1<1 
1'1 
0.,3 
R5 
HONOI'-:ER CONVJ~RSION - POI,YJ.fER ELE!lDS. 
SECOND CO!<PON1NT 
IN THE Bll~ND 
POLYSTYRENE 
H1PACT 
STYREHE 
THERmPLASTIG 
RUBBER 
~b 1,'!C)!,;OH2R COnVEl?I'ED 
TO POLYEER 
94.69 
95.47 
95.16 
94.38 
94.57 
91f.93 
95.06 
95.56 
93.05 
92.43 
91.66 
NonOI<El~ CONVERSION .... POLYCA}}l\DLAcrrA!·~ HO!·'iOPOLYI·'':ERS. 
5{ 110NON;:;R COI;VBRrED 
'ro POLYhEH. 
95.83 
94.94 
96.49 
91f.61. 
Before the physical properties of the polymer blends and 
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polycaprolactam homopolymers were determined the amount of 
mono mer converted to polymer WaS calculated. 
For all the polycaprolactam homopalymers the conversion of 
monomer is high, but slightly better for the polymers 
prepared ,,,ith the lower catalyst concentration'., This can 
readily be explained in terms of degradation reactions 
discussed in the .mechanism of the anionic polymerisation of 
caprolactam (Appendix 1). For the blends with polystyrane 
and impact styrene the results are almost the same and similar 
to those for the homopalymers. There is no apparent decrease in 
the conversion of monomer as the concentration of the second 
component in the blends is increased. The conversion of monomer 
for the polycaprolactam-thermoplastic rubber blends is Imler 
than for the other blends and decreases as the amount of the second 
component in the blend is increased. Before the blends Ivere 
moulded they were extracted with water in a soxhlet extraction 
apparatus for 24 hours. After the polymer blends and nylon 6 
homopolymers had been moulded representative samples were analysed 
by differential thermal analysis and sho,led no trace of r.Jonomer. 
4:22.2 THERMAL ANALYSIS. 
The crystalline melting points of the polycaprolactam components 
of the polymer blends and the nylon 6 homopolymers are given in 
Tables 31 and 32. 
THB POLYN::~E BLENDS o 
POLYllER 
SE!UE,S 
T 
u 
V 
x 
Y 
Z 
BB 
cc 
CATALYST 
CONCENTRA1'ICN 
(HOLE %) 
2.0 
2.0 
2.0 
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SECOND COHFONENT 
IN BLEND 
POLYS'l'YRE11E 
HlPACT STYREllE 
THER!·;OPLASTIC 
RUBBER 
TABLE 32. 
% SECOlm 
COHPOl,,";NT 
IN BLEliD 
5 
10 
15 
5 
10 
15 
5 
10 
15 
CRYSTALLINE 
llELTING 
POlm' (OC) 
223 
220 
220 
223 
219 
219 
221 
220 
217 
CRYS::ALLINE l,jELTING 1'OI1I'1'S OF THE POLYCAPhOLACTAN EOJ.'lOPOLn!£llS. 
POLYJ>lER 
SERIES 
N 
P 
Q 
R 
CATALYST 
CONCENl'RATmN 
(NOLE %) 
1.0 
2.0 
1.0 
2.0 
COCATALYST 
CONCEh'TRATION 
(EOLE %) 
0.11 
0.11 
0.21 
0.21 
CRYSTALLINE 
EELTLiG 
POINT (OC) 
225°C 
225°C 
° 225 C 
225°C 
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'rhe shape of the meltingenliotherms for the polymer blends 
are similar to those of the c0:901ymers, and those for the 
polycaprolactam homopolymers are similar to that of the commercial 
nylon 6. AGain the important information gained from the thermal 
analysis is the crystalline melting points of the polycaprolactam 
homopolymers and the polycaprolnctam components of the blends. 
The melting points quoted in Tables 31 alid 32 are the lowest points 
of the meltingeoaotherms. The only indication of a second component 
in the blends from the thermal analysis ~s the shape of their melting 
eadotherms. The meltingeadotherms of the polycaprolactam in the 
blends are broad while those for the polycaprolactam homopolymer" 
are sharp. The temperature range of the meltingeaaotherms of 
the blends is 14_18°C, compared \·,ith 6 der;rees for the homopolymers. 
The melting points of the polycaprolactam components of the blends 
are a little lower than those of the homopolymers and decrease slightly 
as the concentration of the second component in the blend is increased. 
For the blends with polystyrene there is no indication of a glass 
transition temperature around 1000 C for either the moulded or 
unmoulded samples. This is because the polystyrene forms the 
dispersed phase of the blend and the polycaprolactam component has 
such a hiGh melting point compared with the glass transition of the polystyrene. 
The broad meltingeadotherm for the polymer blends is due to the 
second component whi ch causes a large distribution in the polycaproliltam 
crystalli.te size. The incompatibility of the second component might 
interfere with the crystallisation which will in turn affect the melting 
point. 
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Taking into consideration the sample weights, the area enclosed 
by the melting e4'ldotherms i::dicates that the c' eeree of crystallinity 
of the homopolymers is slightly r,reater than that for the polycaprolactam 
components of the blends. 
4.22.3 A?PEARANCE OF TB}; POLYNDll BlENDS AND HOEOPOJ,YNERS. 
As the amount of the second component in the blends Has increased. 
their appearance gave the impression that the cOr.lponents v/ere 
becoming morc incompatible. The apnearance of a particular blend 
depended on the second component, and also on its concentration. 
Vlhen the concentration of the second component Was 5% by weight 
blends prepared I;i th polystyrene and impact styrene were similar 
in appearance and much better than those prepared with the 
ther~oplastic rubber. In fact the appearance of these blends ,Ias 
almost ail good as that of the polycaprolactam homopolymers, As the 
concentration of the second component Has increased to 1<1/0 by Height 
the blends with polystyrene and impact styrene Here just beginning 
to shoH signs of incor;cpatibility. For the blends 'Iith the thermoplastic 
rubber there Here definite siGns of incompatibility. Vlhen the 
concentration of the second component Has increased to 15;6 by \-/eight 
the surface appearance of the blends containing the thermoplastic rubber 
",ere very rough and heterogeneous. There were also definite signs 
of incompatibility for the blends "dth polystyrene and impact styrene. 
The chan;;e in the appearance of the polymer blends "as greater I;hen 
the concentration of the second component was increased from 10 to 15%. 
-170-
When the blends were moulded their surface appearance became 
rougher a~ld more heterogeneous as the cOllcentration of the second 
component \'las increased. Because. of the high conversion of 
monomer in the blends \·[ith polystyrene and impact styrene they were 
moulded \1ithout extraction with '.ater. No improvement in the 
surface appearance of the moulded polymers was obtained by 
extracting the last traces of unreacted monomer. On the other 
hand the appearance of the blends with the thermoplastic rubber 
were sliGhtly improved by extracting the unreacted monomer and 10'. 
molecular polymer before moulding. 
The appearance of all the polycaprolactam homopolymers was 
good and, after moulding, it was difficult to tell them from the 
commercial nylon 6. 
4: 23 OPrICAL I"ICROSC01'Y. 
Section of the polymer blends ,[ere prepared and photographed 
and the results are sho,m in plates 10-17. Although all the 
plates are of polycaprolactam-impact styrene blends sections of 
the other blends "ere very sir"ilar. Some details of the plates 
are given in Table 33. 
1'ATlLE 33. 
PLATE STATE % Sl~COND CONPONEHT I1AGNIFIC-NUl-mER (~;oU1DED/ IN BI"EnD AT ION l·lODE. UNlIOULDED) (n~)J\CT STYm;m;) x 
10 UNHOULDED 5 64 CHOSS POLARS (CP) 
11 UNHOULDED 5 64 PHASE COt.TRAST (PH: 
12 UNl10ULDED 5 160 PH 
13 UHmULDlill 10 64 PH 
111 HOULDlill 
.5 64 PH 
15 HOULDED 10 1100 PH 
16 Il0ULlJED 5 400 PH 
17 HOULDED .5 1+00 CP 
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The plates of the polycaproluctum-impact styrene blends 
"'ill be discussed and, Hhcre they differ from the other blends, 
reference \;ill be made. 
Plates 10-13 are of unmoulded samples taken under phase 
contract and cross polar illumination at different magnifications. 
Plates 10,11 and 13, ",hich Here taken at 10\1 magnification, give an 
overall vim; of sections of the blends. They sho", that, ,'hen caprolactam 
is polymerised in the presence of impact styrene it does not form 
t"\OIO distinct ~hases as might have been expected. Instead there is 
a continuous polycaprolactam phase which contains tuo kinds of 
particles. The first are impact styrene particles, usually small 
in size ( 1 to G r- ), the second are illi]lact styrene "particles" 
\o:hich contain polycaprolactar.l. The dispersed phase particles 
vary in size ( 1 to 15~ ) and both types of particles are randomly 
distributed in the polycaprolactam. Plate 12 is a section of 
photograph 11 taken at higher magni fication and shows the 
polycaprolactam surrounded by impact styrene. It is interesting 
to note that during the preparation of imFlCt styrene by the 
polymerisation of styrene monomer in the presence of dissolved 
rubber a similar phase structure is obtained. 113 There is ho\.Jever, 
a fundamental di. fference betVlcen the impact styrcne system and the 
polymerisation of caprolactam in the presence of dh'solved polymers. 
In the former some copolymerisation occurs "hich produces good adhesion 
between the components of the blend. Th".t this does not occur ,lith 
the polycaproloctarn-impact styrene blends is illustrated by plate 13. 
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~ Plate 10 / 
Polymer Blend Cont aining 
5% I mpact styrene 
Plate 1'1 
Polymer Blend Containing 
5% Impact Styrene . 
-'i73-
Plate 12 
Polymer Blend Containing 
5% Impact Styrene 
Plate 13 + 
Polymer Blend Containing 
10% Impact Styrene 
Plate 14 ~ 
Polymer Blend Containing 
5% Impact Styrene 
Plate 15 I 1 J.,l ) 
Polymer Blend Containing 
10% Impact Styre ne . 
------ - - - - - - ------ -----
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Plate 16 I 1J".t 
Polymer Blen d Contain ing 
5% I mpact Styrene 
} 
Plate 17 I 1 Lt. ) 
Polymer Blend Containing 
5% Impact Styrene 
During the preparation of the sections the hlO phases became 
separated because ttere were no interactions, su.ch as hydrogen 
bondingi, to hold them together, Separation also occurred in 
other sections examined and this observation helps to explain 
the deterioration in the physical properties of the blends as 
the concentratiomof the second componenil3ere increased. 
Plates 14-17 are of sections of moulded polymers tBl<en under 
phase contrast and cross polar illumination at different 
magnifications. Durins the mouldinG process the components of the 
blend melt and form a more definite two phase structure. As 
expected polycaprolactam forms the continuous phase and ir.;pact 
styrene the dispersed phase. The dispersed phase particles vary 
in size and are randomly distributed. Plate 14, taken at 10;1 
magnification, shows the variation and distribution of the dispersed 
phase particles and also shoHS that none contain polyca;orolactal'l homo!'olymer. 
Plate 15, Hhich is specific to the blends Hith impact styrene, is 
of a larger particle of impact styrene in a moulded polymer and 
clearly shows the crazes due to cutting the section. Plates 16 and 17 
are of the same section taken under phase contrast and cross polar . 
illumination respectively. Plate 16 Sh011S some of the structure of the 
dispersed phase impact styrene and plate 17 sho;18 the polycaprolactam 
crystalli tes. It is not as a!,parent from the plates of the moulded 
samples that the components of th" blends are incompatible. 
4:24 PHYSICAL PROPEll'IE:S. 
Some physical properties of the polymer blends were determined 
and compared Hith those of a cOf"rercial nylon 6 and polycaprolactam 
homopolymcrs prepared in the laboratory. 
4:24.1 TENSILE STRBSS-STRAIN PROPERTIES. 
From each compression moulded sheet blCnty dumbell test 
pieces were cut. Half >!ere stored in a vacuum descicator over 
phosphorus pentoxide before testins, the rerr:ainder were allOlo/ed 
to come to equilibrium in a constant temperature room (23± O.5°C 65% R.R). 
They were known as the "dry" and "equilibrated" samples respectively! 
The results for the> polymer blends, polycaprolactam homopolYP.lers 
and the cOP.lmercial nylon 6 were calculated in exactly the saP.le \{ay 
as for the copolymers. 
The tensile stress-strain results for the polycaprolactam 
homopolymers and the commercial nylon 6 are shovm in Table 34. 
The "equilibrated" sar.Jples prepared with ciltalyst concentrations 
of 1 rr:ole % elongated evenly but did not yield ;Iith necking. 
The hornopolymers prepared with catalyst concentrations of 2 mole 9; 
yielded "ith necking, at oimilar stresses, hut these Vlere less than 
that of the commercial nylon 6. 
The tensile strenGth at break for the homopolymers depended 
on the catalyst and cocatal~rst concentrations. The homopolymers 
prepared \;i th the lower catalyst and coatalyst concentrations had the 
great<',3t tensile strength. at break. Increasinfc the catalyst 
concentration to 2 mole 7f, but keep:,,!,: the 10l;er cocaUil.ayst 
concentration, resulted in a decrea-!::;2 in the tensile strength at 
break. 
- - -- --- -------------------------------------------------
'rhere vsas a greater decrenn8 in the ten,sile strength at break 
when the catalyst concentration was kept at 1 mole 96 but the 
cocatalyst concentration wa.s incrc0.sed. The polymers prepared 
"ith the higher catalyst and cocatalyst concentrations had the 
Im.,rest tensile strencth at break. The tensile strength at 
break of the co~~ercial nylon 6 was intermediate with those of the 
homopolymers prepared in theJaboratory. 
The elo~sations at break for the polycaprolactam homopolymers 
and ne com:nercial nylon 6 follow a similar pattern to the 
tensile strength at break results. 
For the "dry" sa~ples, "hich yielded \;ith necking, it ,JaS 
only pozsible to deterdne the yield strengths and elongations 
at break. The homopolymers prepared with the lower c~.ta1yst 
and cocatalyst concentrations had the highest yield strength. 
Increasineeither the catalyst or coC.atalyst concentration. 
resulted ina decrease in the Yield strength. The biGgest 
decrease ,ms observed when the cOttalyst concentration \>Ias 
increased. For homopolymers prepared ;lUh higher cetalyst 
concentrations there Wes no apparent change in the yield strength 
as the cocatalyst concentration ME increased. The cor.-.e:ercial 
nylon 6 had a yield strength similOtr to thnt of the polycaprolactm.1 
homopoly~erG preparNt '.Iith the lQl.,'er catalyGt and cocatalyst 
concentrationso 
The polycaprolactam homopolymers prepared \·lith the IOHer 
catalyst concentrations had higher elonr;Ottions Ott break than those 
prepared with the higher catalyst c~ncentrations. 
Increasinr; the cocatnlyst concentr,~ltion resulted in a decrease 
in the elongation at break. '1.'he elongation at brea.lc for the 
commercial nylon 6 was bebleen the values for the polycaprolactam 
homopolymers prepared with the higher catalyst concentration. 
'Table 35 shoVIS the tensile stress-strain results for the 
polymer blends prepared with the hic:her catalyst and cocatalyst 
concentrations, together "ith the appropriate polycaprolactam 
homopolymer. 
Under test conditions all the "equilibrated" san:ples of the 
polymer blends elongated but did not yield with necking. 
Blends containing 5% polystyrene or impa.ct styrene had 
tensile strengths at break which were simila.r to the polycaprolactam 
homopolymer. All other blends had tensile strengths at break 
Vlhich were less than that of the homopolymer. As the concentration 
of the second component in the blend Vias increased the tensile 
strength at break decreased. At the concentrations considered 
blends with polystyrene and impact styrene had similar tensile 
strengths at break. For a particular concentration of the second 
components, blends containing thermoplastic rubber had the lowest 
tensile strensth at break, 
The elongation at break results follow a similar pattern 
to the tensile strength at break results. 
T.~BLE 34. 
TENSILE PROPEHTlf:B : POI, YCAPROI,ACT Ml HOI'IOPOl,Y/-IEHS. 
"EOUILIBRATED"SAHPLES. , "DRY" SANrr.ES. 
CATALYST COCATALYST YIELD 1'f:NSILE STHEHG'rH EI.ONGA'rION YIELD :ELONGA1'ION 
No. CONO:Nl'HATION COnCENTRATION STRENGTH AT BEEAK AT BREAK STRlCNGTH AT 3HEAK (HOIJ'; %) (NOLB %) (Hills'! m) Om/Sq m) (%) (Nll/Sq m) (%) 
N5 0.98 0.10 76.56 334 79.01f 226. 
I N6 0.98 0.11 73.11 319 80.54 227 -" co 
N7 1.01 0.10 74.96 307 85.15 187 ? 
pit 1.98 0.11 57.20 289 51.95 195 
P7 2.0"'1 0.11 55.93 263 49.02 182 
Q1 1.02 0.21 39.12 62.23 275 75.65 147 
Q4 0.98 0.21 34.94 69.87 285 71.96 172 
Ri 1.99 0021 37.06 46.59 190 66.26 41 
R3 2.03 0.21 38.06 42.35 154 81.99 12 
N6/1 44.69 54.92 204 82.15 59 
N6/2 43.84 67.28 306 83.04 84 
~}; 35 
TENSILE PHOPEliTlr:~J 0]' POLYNEH 13U;rms. 
CNJ'ALYST CONCBlIT'HA'rmtr 2 mole %. 
"EQUILIBHATED" SAt-!PLES "DHY" SM1'LE3. 
% SECOND YIbLD TENSILE STI<ENGTH ELOHGATION YIELD STRENGTH ELONGATION 
POLYHEH CONPONENT No. STRENGTH AT BllliAK AT BREAK (MN/Sq m) AT BRE;AK 
IN BLErm (HN/Sq m) (HN/Sq m) (]b) (%) 
POLYCAPHOLACTAH R1 37006 46.59 190 66.26 41 
HOl'lOPOLn$R R3 38.06 42.35 154 81.99 12 r 
.... 
ex> 
..... 
POLYSTYHBNE/ 5 T2 113.19 173 63.75 99 
I 
POLYCAPROLACT AM 
,0 U3 330
115 86 116.92 14 
POLYHER BLENDS U4 39014 172 53.88 19 
15 V1 28.73 55 116.27 11 
HI;f' ACT STYHl':NE/ 5 X1 44.0
1+ 186 68.46 14 
Y1 34.46 147 52.10 15 
POLYCAPHOLNJr AB 10 Y4 34.71 122 53.51 14 
POLYNEll BLENDS 
15 Z3 30.22 
110 49.68 12 
Z4 33.03 63 47.38 11 
THJi:HEOPLASTIC 5 AA3 3
1
,.80 83 53.'19 20 
AA4 39.54 116 58.83 23 RUBBER! BB4 21.57 49 33.71 . 17 
POLYCAPROLACT AN 10 DB5 23.30 30 35.93 10 
POLYNbH BLENDS 15 CC1 14.93 21 19.26 7 
L-_________________________________________________________________________________________________________________ _ 
POLY~ 
POLYCAPHOLACTAN 
HONOPOLYHER 
POLYSTYllENE/ 
POLYCAPROLACT' ,~N 
POLy}1Ell BLENDS 
IMPACT STYllENE/ 
POLYCAPROLACTAH 
POLYHER BLENDS 
TABU;; 36. 
TENSILE PROPERTIES OF POLYMER BLENDS. 
% SECOND 
COMPONENT 
IN BLEND 
5 
5 
CATALYST CONCENTRATION 1 BOLE 56. 
No. 
N5 
N6 
N7 
S1 
W1 
"EqUILIBAT~D" SMIPLES. 
TENSILE STRENGTH ELONGATION 
AT BP.EAK AT BREAK 
(HN/Sq m) (~6) 
334 
319 
307 
311 
237 
"DRY" SMiPLES. 
YIELD STRENGTH ELONGATION 
(MN/Sq m) AT BHEAK 
62.25 
(%) 
226 
227 
187 
168 
79 
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For the "dry"samples, which again yielded I'dth necking, it \-Ia.s 
only possible to measure the yield strenGth and the elongation at break. 
The blends containing 55~ polystyrene 9r impact styrene had similar 
yield strenGths to the polycaprolactam homopolymer. The yield 
strengths of all the blends decref<sed as the concentration of the 
second component Vias increased. Blends with polystyrene and impact 
styrene had similar yield strengths "hich, at the concentrations 
of the second component considered, were greater than those for 
blends with the ther~oplastic rubber. 
The elongations at break for the polycaprolactam homopolymer 
and the polymer blends were similar. 
Table 36 ShO\,15 the tensile stress-strain results for the 
polymer blends and pOlycaprolactam homopolymer prepared with the 
lo'.er catalyst and cocB.talyst concentrations. 
Under test conditions the "equilibrated" samples elongated but 
did not yield with necking. 'f he polycaprolactam homopolymer 
~Bd a greater tensile strength at break than the polymer blends. 
The blend \;ith polystyrene had a e;reater tensile strength at break 
than that 'Iith impact styrene. The elongation at bt:eak results 
follol-Ied a similar pattern to the tensile strenGth at break results. 
For "dry" samples it VIas again only possible to measure yield 
strenI;~hs and elonl3ations at break. The yield strengths of the 
blends "ere less than that of the homopolymer. The blend with 
polystyrene had a greatcryield strene;th than the blend I'lith impact 
styrc-neo 
The homopolymer had the greatest elongation at break, the value 
for the blend with polystyrene being creater than that Hi th 
impact styrene. 
The tensile stress-strain curves obtained from "equilibrated" 
samples of the polymer blends and polycaprolactam homopolymers 
are shown in Figures 17 and 18 respectively. 
Figure 17 shows a typical curve for 
evenly but did not yield with necking. 
test pieces l'h1.ch elongated 
Polymers which gave this type 
of stress-strain curve >lere the pOlycaprolactam homopolymers prepared 
I"ith catalyst concentrations of 1 mole % and all the polymer blends. 
',ihen the test pieces were subjected to a tensile stress the whole 
of the test area elongated in a uniform manner until they broke. 
Test pieces from polymers with poor tensile properties he,d broken 
before they had elonp;ated to point A, those "Hh better tensile 
properties broke oet\,een points A and B. 
Figure 18 shoVls a tyeJical curve for polycanrolactam homopolymers 
prep,cered vi th. cata+yst concentrations of 2 mole %. Vihen test pieces 
of these polymers >l8re subjected to a tensile stress they yielded, 
point A, and then elonr;ated by dra>line'towards one of the jal1s. 
Polymers prepared with the hiGher cocatalyst concentrCltion' usually 
broke before they h",d eloncnted to point B, the point where the width 
of the dur.bell test piece started to increase. Ilhen test pieces of 
the polymers pre,:nred with the lo'"ercccctalyst concentration reached 
this point there I,as a slight increase in the stress before they 
"yielded" again, point C. 
-------------
- -- ------ -----------------,------
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FIGURE 17 
TENSILE STRESS- STRAIN CURVE 
Polymer Blends With Polycaprolactam And" 
Polycaprolactam Homopotymers Prepared 
With A Catalyst Concentration Of 1 Mole % 
11 Equilibrated" Samples 
B 
L 
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FIGURE 16 
TENSILE STRESS-STRAIN CURVE 
Polycapro\actam Homopolymers Prepared 
With A Catalyst Concentration Of 2 Mole % 
. "Equilibrated" Samples 
E 
A 
1 
cs 
-
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The test pieces then elongated by drLMine; towards the opPoDito 
jaw until they broke or the test area had become fully extendod. 
\,hen the >!hole of the test area had become fully extended the test 
pieces either broke, or "yielded" aGain, point D, before finaUy 
breaking, point E. Test pieces which "yielded" more than once 
, 
only elongated a few percent rn"re before breaking. 
The tensile stress-strain curves for "dry" sar1)les of the 
homopolymers and polymer blends are shown in Fi"ures 19,20 ,md 21. 
The curves for "dry" samples of all the polycaprolactarn 
homopol:rmers, except those :orepared ;Iith the higher cAtalyst and 
cocatalyst concentrations, are shown in Figure 19 and are similar 
to t::ose described for th., copoly~ers ( page 1/f8). The averace 
eloncations at break Given in Table 34 gives an indication of the 
tYres of curves to expect for polymers prepared \Iith the vnrious 
catAlyst and cocatalyst concentrations. Test pieces of polymers 
Vii th good elongations at break broke in similar posi tion:3 to those 
of the copoly:ners. Polymers with poor eloneations at break usual1Jr 
broke before the test pieces had elongated to poi.nt B. 
Figure 20 shO\m a typical curve for ,the polycaprolactam homopolymers 
prepared \;i th the higher catalyst and cocatalyst concentrat ions. The 
yield: points (point A) for these polymers were never as sh"rp as 
those for the other homopolymers and the samples ahlays broke before 
they he.d elon!?D.ted to the point 'Ihere the width of the test piece started 
to increase. Bos't of the test pieces broke as they were elongating 
by dra;line; to'dards one of the jaws, point B. 
-188-
FIGURE 19 
TENSILE STRESS-STRAIN CURVE 
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FIGURE 21 
Polymer Blends With Polycaprolactam 
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The stress-strain curve shm'ln in :r~ieure 21 contains fe-ltures 
of all the different tJT-cs of curves obtained for the polymer 
blends. Figure 21 is in fact a typical curve for blends 
containing 5~G polystyrene or impact styrene. Although the 
yield point, point A, is not as starp as for the homopolymers 
shown in Figure 19 the remainder of the curve is similar to point 
B and the polymers Here eloneating in a similar manner. 
pieces for these blends usually broke at points 3 or 11. 
The test 
Blends 
containing 10 and 15% polystyrene or impact styrene and all the 
blends containing thermoplastic ruhher had poor tensile properties 
and broke as soon as they had yielded, or shortly afterwards, 
points 1 and 2. 
The results sho\1 that the catalyst and cocatalyst concentrations 
have a significant effect on the tensile properties of the polycaprolactam 
homopolymers and the polymer blends. The propertif<s of the blends 
are also affected by the particular second component and its 
concentration. The tensile stress-strain curves eive an indication 
of the crystallite structure of the polycaprolactam homopolymers 
and the polycaprolactam components of the blends. 
When test pieces of the homo;Jolymers prepared \1ith the lower 
catalyst concentration are subjected to a tensile stress they 
elongate in a uniform manner but do not yield "ith necking. 
The homopolymers pr,"parcd with the lower:; catalyst and co catalyst 
concentrations have the highest molecular ",eight and best tensile 
properties. 
---- ----------~-------------------------------
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,ihen the cocatalyst concentration is increased lower molecular 
,reight polymers vlith broader molecular Vleight distributions are 
formed and this has an adverse affect on their tensile properties. 
Increasing the cocatalyst concentration makes initiation more 
efficient so that no very high molecular Vleight molecules are formed. 
Test pieces of the homopolymers prepared with the higher 
catalyst concentration yielded Hith necking, and then elongated 
by draVling when subjected to increasing tensile str.oss. As the 
reaction mechanism is dependent on the formation of lactam anions 
an increase in the catalyst concentration ,lill mean that more are 
formed and lower r.\olecular Hoisht polymer Idll result. As 
expected, an increase in the cocatalyst concentration has an 
adverse affect on the tensile properties. 
The shape of the stress-strain curves indicates that it is 
easier to elongate the higher molecular weight p.omopolymers. 
It is easier to pull the molecules out of the crystallites so that 
the test pieces do not yield with necking when a tensile stress 
is applied. Because of their high molecular "eight the polymers 
have good elonsations and tensile strengths at break. 
The values given in Table 34 are only apparent tensile strengths 
at break because they do not take.'into consideration changes in 
the cross sectional area of the test pieces as they elongate. 
The true tensile properties of the higher molecular Height polymer's 
are therefore better than the table indicRtes. The homopolymers prepared 
"Iith the higher cocat;:dyst concentrations do not have such good 
properties because there are no really long polymer chains to 
con:riect the shorter ones, when the polymers are eloncating. 
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In polymers prepared Hi th the hirrher catalyst concentration· 
there ar-e morc "tie" molecules and a higher stress is required to 
pu11 the r.lolecule~ ou.t of the crystallites. This is \'lhy the test 
pieces yield \vhen subjected to a tensile stress. As the stress-
strain curves are not smooth it indicates that even when the test 
pieces are elongating by drmling the molecules do not pull 
uniformly out of crystallites. 
A plot of the true tensile stress against elongation can give 
an indication of the crystallite structure of the polymers. If it 
is easy to pull molecules out of the crystallitcs test pieoes will 
not yield with necking when subjected to a tensile stress. Figure 
17 shoVls a typical stress-strain curve for such polymers. 
For such polymers it \{ould be expected that a plot of the true 
tensile stress against elongation '/ill be such that a tangent 
c?,nnot be drawn to any part of the curve. For polymers which yield 
with necking and then elongate by dralling it would be expected 
that a tangent could be dra,,,n, from the -1 point on the negative 
strain axis (Considires construction)114,115 to a point on the 
curve of the true stress against elongation. A typical stress-strain· 
curve for this type of polymer is shoVln in Figure 18. An attercpt 
was F..ade to plot these curves but "as only partially .successful 
because the scale for the elongation is not linear. 
The results shm'l that drying has an adverse affect on the tensile 
properties of all the homopolymers. The shapes of the tensile 
curves indicates that for all the homopolymers it is difficult to pull 
the r.:olecules out of the crystallites and all yield Vii th necking '/hen 
SUbjected to a tensile stress. 
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Ficure 20 indicatos that for the homopolYJ11ers prepared \-lith the 
higher c3taJ.~,rst and cocatalyst concentrations more "tie" molecules 
must be broken and 8.8 a result these polymers do not have sharp 
yield points. Removing the \later, ",hieh acts as a plasticiser, has 
the greatest effect on these polymers and they h~ve very poor tensile 
properties v,hen dry" As expected, the high molecular ",eight polyners 
have the best tensile properties because the long polymer chains can still 
extend a considerahle distance before breaking, even in the absence of ",ater. 
None of the "equilibrated" sar.:ples of the polyner blends prepared 
''iith the higher catalyst and cocatalyst concentrations yielded Hith 
necking ,;hen subjected to a tensile stress. Instead theyelonbated 
uniformly over the whole of the test area in a manner similar to that 
of the homopolymers prepared "lith the IOHer catalyst concentration. 
The introduction ef a second component into polycaprolactam causes 
a reduction in the degree of crystallinity but this alone ",ill not 
account for the obsf.'rvations. The second components of the blends 
must therefore affect the structure of the crystallites in such a way 
th2.t the,.e is a reduction in the number of "tie" molecules. There 
must be a reduction in the nUIT,ber of such links if the molecules are 
to be pulled easily out of the crystallites. 
None of the blends had tensile stren€,'ths and elonc;ations at break 
as high as those of the corresponding homopolymer. The reason for 
this is that the second components of the blends, though soluble in 
and cO"Jpatible \vi th caprolactar.t, are incompatible I;Ji th polycaprolr:ctnr.:o 
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There is evidence that there are no physical bonds such as 
polar forces or hydrogen bonds acting between the tHO phases. 
Optical microscopy shows that cuttinG samples on a microtone 
Can cause phase separation and that during the moulding process 
a more definite tYlO phase structure is for~ed. 
chemical bonds betl;een the hlO components of the blends because 
no copolymerisation occurs during their preparation. 11ms is 
shown by the fact that all the second component can be extracted 
from the polycaprolactam by the use of suitable solvents. An 
increase in the concentration of the second component in the blends 
therefore has an adverse effect on their tensile properties. 
At the various concentrations of the second component considered the 
tensile properties of the blends with polystyrene and i~act styrene 
are similar, and better those <lith the thermoplastic rubber. 
As the butadiene in the impact styrene is partially crOss linked 
its incompatibility with polycaprolactam is reduced ,,0 that there 
is little difference bet<leen it and polystyrene at concentrations 
up to 15;~ by weight. The butadiene-in the thermoplastic rubber 
is not cross linked and though the polymer is soluble in caprolactam, 
it is incompatible \;ith polycaprolactam. 
The results for the blends prepared with the lower catalyst 
and cocatalyst concentration" are noticeably different from 
those described above. Introducing a second component into high 
molecular weight polycnprolnctam has a definite adverse affect, even 
at concentrations of 55,j by Height. There is nlso 11 difference bebleen 
blends uith polystyrene and impact styrene, those <lHh rolystyrene having 
the better properties in the present '"ontext. 
------------------- ----- ---
---
.. -."~--.... '-" , 
This difference could be due in part to the fact that the 
tensile properties of polystyrene al'e better than those of 
in:pact styrene. r;ven though the second coml'0nent has an 
adverse effect on the tensile properties of the blends they 
still have better properties than thor3e prepared "ith the higher 
catalyst [lnd cccatalyst concentrations. Although the 
polyca!lrolactan nolccules pull easily out of the crystallites 
tnere comes a point 11hen the streneth of the blend depends on its second 
component and this is >,hen they fail. In order to give better 
tensile properties than blends Wit;1 impact styrane the polystyrene 
must be more comp,,"tible lifith the high molecular weight polycaprolactam. 
Tr.is is in addition to the better tensile properties of the polystyrene. 
As expected, drying has an adverse affect on the tensile properties 
of the hlends. The results indicate that the properties of the blends 
are affected by the removal of the plasticising water and the 
incomp3tibility of their components. Because polymer inccmpatibility 
has an adverse affect on their properties the blends are affected 
rr.ore than the homopolymers by dryingo 
Figure 21 ",ould indicate that none of the blends sho., sharp 
yield points when subjected to a tensile stress but this is o!11y 
partially true. Blends "Hh the vlOrst tensile prorerties snarped 
al~ost as soon as the test pieces had come under tension, those with 
slightly better properties often tore instead of snapping when they 
broke and thi G accounts for the s1:are of the stress-strai.n curve. 
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For blends with better tensile properti~s the yield points· 
are not sharp and this is an indication of the difficulty in 
pulling molecules out of the crystallites. Once they have 
yielded the test pieces elonGate by draving until they fail at 
a weak point which may be due to the second component. This 
'-Ias often the point vlhere the ~lidth of the test specimens started 
to increase and there \1aS a chanGe in the tensile stress situation. 
4:24.2 n;PACT PROPERrn:S. 
• 
From each compression moulded "slab" twelve test pieces "ere 
cut. All the test pieces from one polymer were either allo;"ed 
to equilibrate in a constant temperature room ( 231: O.5°c,655; RH), 
or were stored in a vacuum descicator over phosphorus·· pentoxide. 
The samples were referred to as the "equilibrated" and "dry" samples 
res1Jectivcly. The results vlere calculated in the same \-lay as for 
the copolymers and are given in Tables 37-39 • 
T fU1LE ~>7. 
TABLG 38. 
IHPJlCT STRENGTHS OF POLnn:U BLGNIlS. 
CATAI,Y'1r CONCj<~m'JI':'TON 2 WlLE ~. 
"E~~UILll.lHAT1'D"S!\HPLLS "DRY" SAHPLES. 
~6 SECOND CHARPY IHP AC~ S1'IlENGTH CIIARPY HIP ~T STm;NGTH 
POLYH,~R CO!·PONEHT No. e K JOUU:S!!1 BBHIND No. e K ,JOULES!H BEHIND 
IN BU;~;DS FOTCH) NarCH) 
POLYCAPROLAC'.cAH R6 16.50 R2 3. 113 I 
HO}10POLYMER R7 16.44 H4 3.49 -" '.0 
'0 
I 
5 
T3 12.21t T5 2·55 
POLYSTYRENE! T4 13.08 T6 2.1t6 
PCr,-{CAPROLACTAH 10 U1 10.71 
POLYHER BLElliDS. U2 10.40 
15 V2 9.35 Vl+ 9.84 
5 X3 14.74 X5 2.46 x4 11·37 x6 2.58 
HPACT STYHENE! 
POLYCAPHOLAC1'AI1 10 Y2 9.71 Y5 2.36 Y3 10.05 Y6 2.21 
paL YllER BLSl;'TlS Z1 8.1 l f 
15 Z2 7.90 
5 AA1 16.23 S. B • S .1'llEH}10- AA2 16.27 
PLASTIC RUBBER! BB2 12.73 10 
POLYCAPllOJ,AC1'AM BlJ3 13.67 
porSMEH BLENDS. 15 CO2 11.52 
CC3· 11.74 
TABLE 39. 
HIPACT STRENGTHS OY POLYHEH BLENDS. 
CATALYST CONCEN'fRATION 1 MOLE 5b. 
~~EqUILIBHATED!1 S.4.1'1:1'1E8. "DRY"SANPLES. 
POLTIlER % SECOND No. CHARPY No. CHARPY 
CONPOHENT IN INPACT INPACT 
BLEND STRENGTH STHENGTH 2 K JOUl';F;S/H?' K JOUlES M/-
I 
N 
POLYCAPROLACTAN N3 16.73 N2 4.98 8 I 
llOHOPOLYHEHS N4 17.18 N8 If .66 
POLYSTYRENE/ S5 15.84 S2 5.19 5 POLYCAPHOLACTAM 
s6 16.07 S3 5.14 POLYMER BLENDS 
IHPACT STYHENB/ ~14 15.98 ~J2 5.05 5 POLYCAPROLACTAM 
'15 15.67 w6 4.92 POLYHBR BLEHDS 
---_._-----
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The impact properties of the polycaprobctam homopolymers and 
the commercial nylon 6 are shown in Table 37. 
For the "eq,.ri.librated" samples the impact strenGths of the 
polycaprolactam honopolymers were similar, and better than that 
of the comrcercial nylon 6. The catalyst and cocatalyst concentrations 
appeared to have little effect on the impact properties of the 
homopolymers. 
For the "dry" samples the impact strength of the commercial 
nylon 6 was greater than that for all the polycaprolactam 
homopolymers. The homopolymers prepared with catalyst concentrations 
of 1 mole 5b had ereater impact strengths than those prepared with 
catalyst concentrations of 2 mole 5&. 1'he cocatalyst concentration 
appeared to have little effect on the impact strenGths of the homopolymers. 
The impact strengths of the polymer blends and polycaprolactam 
homopolymer prepared ~Iith the higher catalyst and cocaLalyst 
con~entrations are eiven in Table 38. 
For the "equri.librated" saf''Ples the results sho.; that, of t"e blends, 
those Vii th the therr:1o"lastic rubber had the best ir.Jpact properties. 
The blends prepared ~Ii th 556 thermoplastic rubber had impact strengths 
I1hich were similar to that of the polyca.prolactar.J homopolymer. 
All the other polymer. blends had impact strengths Hhich Here less than 
that of the homopolymer. The impact strength of the blends decreased 
as the concentration of the second component Has increased. 
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At the concentrations of the second corrroonents considered, the blends 
;Jith polystyrene and impact styrene had similar impact strengths. 
For the "dry" samples only certain blends ;Jere tested. The 
im;oact strengths of the blends "ere less than that of the homopolymer. 
The blends Vii th polystyrene and impact styrene had similar impact 
strene;ths "hen the concentration of the second component Vias 5%. 
For the blends liith impact styrene the impact strength was decreased 
as the concentration of the second c0mp()nent \vas increased. 
Table 39 shows the impact strengths of the blends prepared with 
the lOlier catalyst and cocatalyst concentration, together I1ith the 
appropriate polycaprolnctam homopolymer for comparison purposes. 
For the "equilibrated" samples the blends and homopolymer had similar 
im;lact strengths. For the "dry" sa"'Ples the impact strengths of the 
blends were similar and better than that of the homopolymer. 
The impact strengths of the "equilibrated" samples of the 
polycaprolactam homopolymcrs are 'similar and better than that of the 
commercial nylon 6. The major factor affecting the impact strengths 
of the homopolymers aI'pears to be th<:ir,degrees of crystallinity. 
Thermal analysis indicates that the degrees of crystallinity for the 
homopolymers are similar, and slightly greater than that of the 
commercial nylon 6. Chanr;es in the molecular "eight of the polymers 
has little effect on their impact prcperties. 
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Drying the polYlTIers has a greater effect on the impact 
strengths of the polycarrolactam hon'.opolymers than that of the 
commercial nylon 6. This is again due tc the degree of 
crystal1inity of the polymers, the commercial nylon6 has a slightly 
greater content of amorphous polymer and the best impact properties. 
All the homopolymers had poor impact properties after drying. 
None of the "equilibrated" samples of the blends had ircpact 
properties Hhich Here as good as those of the corresponding 
polycaprolactam homopolymers. 
Blends prepared I1ith the lo,;"r catalyst and cocatalyst concentrations 
had properties which Here almost as good as the corresponding 
homopolymer. The introduction of a second component to the extent 
of 5% by \;eight does not appear to reduce the degree of crystallinity 
of the polycaI'rolactam to any great extent, the slieht decrease 
in the impact strength being due to polymer incompatibility. If the 
concentration of the second component Here to be increased there ,lOuld 
be a more noticeable reduction in the impact strength of the blends 
because of polymer incompatibility. Blends prepared Hith the higher 
catalyst and cocatalyst concentrations had impact properties \;hich ,;ere 
inferior to those of the correspondine homopolymer •. Increasing the 
concentration of the second cOr.1ponent had an adverse affect on the impact 
properties of the blends. The second component appears to have greater 
e:'fect on the degree of crystallinity of the lOHor molecular Heigh:~ 
polycaprolactam and evidence to support this is obtained from ther~l 
nnnlysis of the blends. 
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Blends I1ith thermoplastic rubber had better impact properties 
than those prepared I1ith polystyrene or impact styrene. This 
is due to the superior impact properties of the thermoplastic 
rubber compared I1i th those of the other t\10 polymers, and partly 
offsets the decrease in impact strenl;th of the blends due to polymer 
incompatibility. For all the series of polymer blends there is a 
decrease in the impact strength as the concentration of the second 
component is increased due to polymer incompntibility. 
Some "dry" samples I1ere tested in order to determine the effect 
of the second component on samples from I1r~ch all traoes of 
plasticising moisture had been removed. 
Drying the polymers had an adverse effect on the impact properties 
of both the blends and the homopolymers. ,Ihen the concentration of 
the second component is 5~6 it appears to have little effect on the 
impact properties of the blends. The decrease in impact properties 
is similar for both the polymer blends and homopolymcrs, whatever 
the catalyst and cocatalyst concentrations. It is expected that if 
the concentration of the second component in the blends were to be 
increased it would have an adverse affect on their impact properties 
comnared I1ith those of the homopolymers due to polymer incompatibility. 
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CONCLUSIONS .. 
-----
The aim of this vlOrk \1a5 to extend the usefulness of polymers 
using the technique of polymerising a monomer in the presence of 
a dissolved polymer, a method Hhich has proved successful for 
other systems. Copolymers with interesting properties have been 
prepared but attempts to prepare polymer blends have only been 
partially successful because of polymer incompatibility; however, 
such problems usually arise in any new work of this kind. 
Nevertheless, the selection of the unusual monomers in this thesis 
and the study of their polymerisation in the presence of other polymers 
has been sho\m to be a novel and interesting field of study. 
The polymer solubility "experiments shOHed that about one third 
of the polymers selected for study were soluble to an extent of 1c% 
o by weight in either caprolactam or laurolactam at 150 c. The results 
can be explained in terms of polymer solubility parameters, hydrogen bonding 
and polymer crystallisation. Although there are many factors affecting polymer 
solubility the value of the solubility parameter is a useful guide 
of the resu' .. ts to expect. There is, of course, a lack of accurate 
solubility data, especially for the newer homopolymers and copolymers, 
but it is hoped that ths is only a temporary obstacle in the \;ay of 
satisfactory systems. An indication "of the value of the sol"bility 
parameter at 1500 C for the polymers studied ~IaS obtained • 
...,.:,... ----,," 6 
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As expeded there was only a narrow ranee of values of the solubility 
parameter for 'dhich polymers \'!ere soluble in ~ given monorner. 
Polymers soluble to an extent of 1cr,; by Height Here dissolved in 
the monomers ,;hieh >le re then polymerised by an anionic mechanism. 
The method of polymerisation had to be varied slightly for some 
polymers because ~ !g~_lv2t ~3a3iB~ ~ ~ ~ i .~~lD 
pol.!! ", ... ri sa. ~;o n <lid. no\::. oc.c.u.. Lll\Le.SS -the. Lo..ct.a.m a.I\IOl\S we.!""e. 
~ :W. aM ~ ~ mOFopar. ~ ~81!,nHil'i:iHitTi!!J M ~ M ~ 
formed. in a. se.po...ro...\:.e. ve.sseL. 
~ ~ l!HrijS:~ 8lAiOR8 ~ k '" iH [in~ M 8- 8iJ'!ii?JdiO 1 i!B~H!l. 
o At 1;0 C polysulphone and polycarbonate act as cocatalysts in the 
polymerisation of caprolactam with the formation of copolymers. 
Polymerising the monorr:ers in the presence of other dissolved polymers 
res·~lts in distinctly hetercgeneous polymer blends. 
Polysulphone-polycaprolactam copolymers ,;ere prepared with various 
catalyst concentrations, polysulphone concentrations and polymerisation times. 
Experiments to deterMine copolymer composition, copolymer density 
a.nd polymer solubility indicated that cleavage of the p'llysulphone 
molecule occured during the polymerisation. This \1a.s confirmed by 
experiments t~ determine the molecular weight of the poly sUlphone attached 
to t!le polycaprolactam. 
A reaction t:lechanist:l explaining all the observations, and also 
in agreement vIi th real ted work \"las7~roposed. 
The 'Jhysical properties of the cc>polymGrs measCtred indicated that t;,ey 
cO'lld be useful in fibre forming. The appearance of the copolymers after 
moulding sho\1cd then to have better h,:at resistance than nylon 6. 
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Polymel' blends of polycaprolnctD.m with polystyrene, 
impact styrene or ems thermoplastic rubber are incompatible. 
Increasins the concentration of the second component in the 
blends was found to have an adverse effect on their physical 
properties, thouehtt is not claimed that all the relevant 
technological factors have been studied. 
Optical microscopy indicated tho.t there is no adhesion 
bebJeen the components of these blends. Bufore moulding some 
of the dispersed phase particles contain polycaprolactam 
but moulding changes the polyphase structure to a definite two 
phase structure. This implies that no copolymerisation takes 
place under the conditions used. 
The results agree Vii th the observation of Bohn 17 that simple 
blends containing a crystalline homopolymer are incompatible. 
6. 
6: 1 
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SUGGESTIONS FOR FUI?l'llim 'JORK. 
POLYl-rE;H iiOLUIlILITY. 
Polymer solubility parameters could be used to eive an 
indication of polymer solubility for systems involving polymers 
and solvents or monomers. Unfortunately at present the data is 
scattered and fel< of the nGlier homo and copolymers have been studied. 
Also, the test methods used are such that it is difficult to compare 
results. 
The most important requirement in order to take full advantage 
of the useful information polymer solubility parameters can provide 
is a standard test method. The test met],od should have a set procedure 
sir..ilar to t'lose laid down by !lritish Standards or A.S.T .11. The 
test method should take into account factors such as polymer molecular 
weight, copolymer composition, temperature and pressure, all of I<hich 
affect the value of the solubility parameter to varying degrees. 
This work has indicated tlw.t polymer molecular ,;eight has the major 
influence on the value of cf , the solubility parameter, 8.nd this would 
help to expla'in the range of values usually quoted for polymers. 87 
In vievr of the success of this work th", solubility of polymers in other 
monomers, such as tetrahydrofuran and epoxides, could also produce 
interesting results. It is also possible to improve or increase 
the common solubility I<ith the aid of added solvents so that other 
polymers and monomor could be used, as indicated below. 
6: 2 POLYSUL!'l!ONE-POLYCAPJlOLACTAH COPOLYMEilS. 
The experiments to determine the composition of the polysl1lphone-
polycaprolactarn copolymers shows them to be block copolymers in which 
the polysulphone units are, on average, only two or three units long. 
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The length of the polycaprolactem component for a partj.cular 
co!)olymer del'ends on the polysulphone and catalYGt concentrations. 
The physical properties of the copo1ymers indicate th"t they have 
useful properties but it would be desireable to prepare distinctive 
c.Jpolymers in which the size of the graft components Can be varied. 
Matzner71 has shown that the molecular >Ieie:ht of the polysulphone 
components of the copolymers can be increased by the use of chlorine 
terminated polysulphones to initiate the polymerisation. 
The experiments \1ere performed at 160°C and above with catalyst 
concentr&.tions of 2 to 4 mole % and it is expected that the copolymers 
produced Idll contain some free poly sulphone and polycaprolactam. 
If the experiments \10:--0 to be performed at 150°C, Nith catalyst 
concentrations of the order of 1 to 2 mole 96 no polycaprolactam 
"ill be produced but a small amount of free polysulphone "lOuld be 
expected because of the reactivity of the ether link in thepr~polymer 
at this temperature. By preparing chlorine terminated polysulphone 
polymers of varying molecular I;eight, and careful control of the 
reaction conditions it should be possible to prepare copolymers with 
varying compositions .and a variety of properties. 
This work has 6hOl1l1 that compatible 'blends of polycaprolactam 
and polysulphonc cannot be obtained by mechanical mixing in a Brabender 
Plast6graph. Despite this it should be possible to blend either 
of the homopolymers Hith copolymers produced by techniques described in 
the present thesis and procude more compatible blends with desirab:.e 
properties. 
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It Qight be easier, and more ccnvcni01:.t,. to do this in many 
cases rather than attempting to prepare copolymers with specific 
composi tio~G. 
As polysulphones have good heat resistant properties it might 
be expected that copolymers containinG them could be used I<here 
homopolymers , such as nylon 6, could not. Copolymers could be 
formulated which would be less expensive than pure polysulphone 
but still have an excellent balance of physical properties. 
Increasing the molecular weight of the poly sulphone components 
of the copolymers is expected to improve their thermal properties. 
The physical properties of the copolymers indicate that they 
cO'Jld be suitable for fibre forr.ting. In order to deternine this, 
fibres should be spun from the various copolyners which would S!lOl< 
those which formed good fibres. The results ~Iould indicnte the 
copolymer composition needed in order to produce fibres with the 
best physical properties. 
It Hould be interesting to prepare polymers by dissolving both 
poly sulphone and polycaprolactam in caprolactam and then to polyw,ri se 
the monomer in the usual Hay. PhaGe inversion could be L~de to occur 
before polymerisation and as a result copolymer form<).tion could only 
take p18.ce on the surface. 
Because of the limited solubility of polymers the logical progression 
is to extend the system to include solvents. The use of solvents should 
reduce the reaction temp',rature, increase solubility and also increase the 
number of polymers and monomers l'lhich can be studied tOGether. 
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An example "ihere a solvent has been used successfully is the 
polymerisation of laurolactam in the presence of ethylene-ethyl 
acrylate copolym~rs using dioxan as the solvent. 
6:3 POLYl1Eil BLENDS VlITH POLYCAPROLACT !HI. 
The physical properties of the blends prepared in this "lOrk 
showed that they had balances of properties inferior to those 
of the lactam homopolymer due to the incompatibility of the components. 
Although attempts to prepare blends with polyce.prolactam by polymerising 
the monomer in the presence of a dissolved amorphous polymer were 
unsuccessful in yielding products with advantageous properties, some 
success might be achieved if the dissolved polymer Here crystalline 
and compatible. Compatible blends were obtained ;:hen caprolactam ;:as 
polymerised in the presence of other nylon homopolymers. 
such homopolymers might be extended. 
The range of 
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APPENDIX 1. 
THE ANIONIC POLYHERISKl'ION OF CAPHOLilC'I' AI1. 
The anionic polymerisation of caprolactam, first 
l1ith alkali metals and their hydridcs as cataJ;rsts66 , 
investigated 
116-119 h 
as 
been found to display a characteristic induction period,120indicating 
that certain a cti ve groups must be formed before polYlllerisation 
can begin. It has also been found that the introduction of molecules 
containing imide groups to the polymerisation mixture removed this 
induction period and accelerated the polymerisation. 
Follmling the finding of the cocatalytic influence of imide 
groups a mechanism for the polymerisation of lactams has been 
121-123 proposed • Although caprolactam is the most studied member 
of the series, other lactams have been polymerised with deGrees of 
success dependent upon the lactam ring size. The polymerisation 
nechanism is considered to be similar for all the lactams. 
The first step in the anionic polymerisation of lactams is 
the formation of a lactam anion. 
R=(CH Z.)5 
by the reaction of the lactam ~Ii th a selected base ( equation 21) 
o H 
11 J 
C-N 
'RI + Na.H 
---0> (21) 
-213-
The types of bases used can be alkali meb.ls, their azides., 
. . h . lk' t 66,116-119,122-126 
cyamdes, hydr~des, ydroxldes, a ox~dcs or carbonaes . 
. . 127 128. 118 129 
alumlnlum alkyls ' or ~3nard compounds ' 
The laGtam anion then react s r.;ore slO\~ly Hi th a lactam molecule 
to form the very reactive anion H 
o 
11 e 
C-N + 
\ / 
R 
o H 
11 I 
C-N 
\ / 
R 
.... 
o 0 
11 11 e 
C-N-C-R-NH 
\/ 
R H 
Once formed, anion H, being more basic than a lactarn molecule, , 
abstracts a hydrocen atom (from caprolactarn) and reforns a lactarn anion. 
o H 
11 I 
+C-N 
\-RI 
00 0 
11 11 lie 
--+~ C-N-C.-R-NH +C-N - - - - (28) \ I '2. \ / 
R J R 
Polymerisation proceeds Hith transarnidation by le.cta.m anion 
(equation 29), follo\~ed by abstraction of a hydroGen atom (equation 30) 
o o 0 
11 11 11 El 
C-N + 
\ / 
C-N-C-R-NH2, , / -
R R J 
000 
11 11 811 
C-N-C-R.-N -C - R- NH2. 
\ / 
R K 
o H 
11 I 
-\, C-N 
\ / 
R 
o 0 0 
11 11 811 
C- N-C-R-N-C-R-N 1-\2, \ I . 
R K 
00 0 
11 11 11 
-_l> C-N-C-R-N\-\-C-R-NHz. 
'RI 
o 
11 e 
+ C-N 
\ / 
R 
- - - - (30) 
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Anion K i" more "table th'ln anion!! due to the presence of a 
carbonyl group delocalising and stabilising the negative charge. 
Consequentl:' reaction 27proceeds more slo\,;ly t1l.Qn reaction 29. 
The long tir."1B for anion A formation is responsible for the induction 
pe!"iod observed in lactan polymerisations without cocatalysts. 120 
130 The imide dir.:er J ha" been isolted and is sugGested to be the 
actual initiating species necessary for the onset of !Jropagati~ln. 
The addition of cOr.1pounds containing ir:lide groups as cocatalysts 
to the polymerisation mixture removes the polymerisation rate 
dependence from reaction 27 to the 60re rapid transa~idation reaction 
(equation 31). Here the imide type used is an !i-acetyl lactam 
cocatal:rsts. 
o 0 o 0 0 
11 11 
C-N-C-Cl-\~ --
11 11 ell 
C- N-C- R - N-C-CH" 
\ / ' Cj 
- - - - (31) 
\ / 
RI R L 
Pol:;merisation can then proceed b:, 
o 0 0 0 H 
11 11 ell III 
C-N-C-R-N-C-CH3+ C- N \ I I \ / 
R L R 
hydrogen atom abstraction. 
o 0 0 
11 11 11 
C-N-C- R -NH-C-CH". 
\ / I '-' 
R 0 
1\ e 
C- N 
\ I + 
R 
followed by further transamidation. The anion L is present for only 
(32) 
a very short time and neutralisation occurs. almost immediately following 
it s format ion. 
In addition to the lex;,;" number of bases ( mentioned ahove) "hiGh 
can be used as polymerisation cata1.ysts, many cocatalysts are reported, 
other than the N-acetyl lactam consj.de,'ed in equation 31. 
-215-
The main requirement of a cvcatalYGt is that the anion formed by the 
first addition of lnctaro should be stabilised so thpt polymerisation can 
proceed. This is achieved in anion L by the electro negative acetyl 
group delocalising the negative charge on the nitrogen ator.1. The 
cocatalysts reported in the literature include various H-acylated 
1 t 131-135 d t' 'th I ~ , 't f ac ams compoun s reac lng \ ..... 1 . ac "ams ~n 51 u to orm 
N-acylated lactams (eg. acid chlorides, esters, anhydrides, isocyancles, 
ketones and carbonates137-139) phosphinyls, nitroso, sulphonyl and 
sulphide compounds 140 and many others. 
cocatalysts, however, are the N-acyl lactams because of their easy 
preparation, low cost and non-toxicity. 
It is clear from the mechanism described above that the base 
catalysed polymerisation of lactams is quite different from other 
polymerisations in t\~O respects. The first is that the propagating 
centre is not a radical b~t a cyclic amide link, and the second is 
that it is not a monomer molecule but a lactam anion which adds 
to thp. polymerisation chain. The lactam anion has been referred to 
. 141 
as an activated monomer. }'or such a polymerisation therefore, 
the concentrations of both the propagating species and lactam anion 
are determined by the concentration of base. Also,if the proton 
chain exchani';e equilibrium ( equation 32) lies far to the right, H.e 
growth rate of each chain will be completely independent of the monomer 
concentration. In practice however, lactam polymerisations are found 
to be complex in the sense just described, and with respect to ot'1er 
details mentioned later. 
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In light of the mechrrnism describecl above, it is no1'/ possible 
to discuss the effects of increasinr.: the catalyst concontration 
on thl} polyr::erisntion of lactameo' At 10\'1 catalyst concentrations 
(up to about 0.6 mole ;;;) few lacte.m anions are forr1ed and fewer 
growing chains initiated due to degradation reactions by moisture and 
. . 68,141-144 
acidic corrpounds arising from J.m1.de groups. These 
acidic groups have been identified as f' keto acids and a suggested 
forma.tion is t3'i yen belo"'l. 
o o 
JI 11 e 
-C-N + -C-NH 
I -
o 0 
11 11 
-C-~-C-CH2. 
o 0 
H 11 
+-C-N-C 
I 
.. ' 
o 0 
11 11 
-C-N-C 
I 
e 
+ NH 
I 
- - - - (33) 
o 0 0 
11 11 11 
-C-N-C-CH-C-
I I 
M - - - - (34) 
o 
\I 
+ HI'\-C-
I 
Reaction 33, between an activated monomer or part of a linear chain, 
and e.nather chain, p;ives an N-acyl amide. which, with e. base catRlysed 
condensation reaction ( equation 311) results in an acylated alkyladde 
of a F keto acid H (called a keto imide). Keto imides are more 
acidic than the monor.ler and may consume lactam anions according to 
reaction 35. 
o 0 0 
II 11 n 
o 0 0 
\1 ,,011 
- C-N-C-Cl-I-C- --"-C-N-C-C-C-
I , 
M 
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~4t 10\>1, catlllyst cOl1centr'~1.tions ther_cfor .. ~, lactam anion 
disappce.ra.nce \o,rill hnve a l~..\rge effect on the !.'ate of polymerisation, 
\'iith an excess of imide crouI's (cocatalyst.) degradati.on reactions 
will destroy nearly all the lactam anions before polymerisation can 
occur, only a small amount of 10\" rr.olecular weight material being 
form~d. As the catalyst concentration increases up to about 0.6 
mole ~{ the number of lactam anions formed is such that they '.viII 
not all be consuIr.c,d by imide degradation reactions and polymerisation can 
proceed. As the mono mer is ccnsuffied the anion 
\ldll be increas'ingly more diffiCl..:.lt to deactivate as in the normal 
polymerisation reaction and chain degradation may be cause-? by 
rupturing the C-H bond in a polymer chain. 
o 
11 
~ C - NH "'""""" 
+ 
o 0 0 
11 0 11 11 
~ C-N-R-C-N-C 
\/ 
---". 
, 
o 
tI 
""""" COO 
I \I 11 
N-R-C-N-C - - - - (36) 
I 
C::.O 
~. e + I'H\~ 
I 
An alternative degradation reaction \-.Ihich has been proposed involves 
the Iactarn anion 11+5,146 
o 
11 
~C-NH~ 
+ 
e 
N 
/ '\.. 
R-C=-O 
e 
N H ~ - - - - (37) 
I 
In hoth thc .. se reactions tbe length of the polymer chain vlill be de'creased. 
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As the catalyst concentration is increased (0.8-1.8 mole %) 
:nore lactam anions are formed, more polymer chains are initiated 
and the mixture thickens mOI'e quickly due to faster monomer 
disappearance. Honomer consumption causes the yield to increase 
and reach 90% very quickly, but the chains become more restricted 
and the rate of monomer disappearance is "reatly decreased above 
909~o The greater number of lactnm anions in t!1e mixture at this 
stage means that degradation reactions such as 36 and 37 Hill occur. 
\'lhen the catalyst concentration is increased even furt~er ( above 
about 2 mole %) even more lactam anions are formed. Uith these 
high catalyst concentrations hmlEver, the basicity of the rr.edium 
increases and the dissociation of the lactam nIt decreases147 
and this 'Nill probably decrease the rate of polymerisation. 
Slov/er polymerisation may also be caused by an increase in the nurr:ber 
of degradation. reactions because increasing the number of gro\1ing 
chains in the rr.edium ~By result in greater numbers of non-polymerisation 
reaction at high conversions. The keto imide H may take part in 
trans-acylation reactions with al'lide anions ( reaction 38) resulting 
in non-acylated alkylal'lides of ~ keto acids 11, called keto amides 
(reaction 39). 
000 
11 11 11 
-C-N-C-CH-C-
I I 
M 
o 0 e 11 11 
N-C-CH-C-
I I 
e 
+ NH , 
o e 11 o 0 
+ N - C - :::--"" 
I 
JI 11 
-C-N-C 
I 
o 0 
11 11 
NH-C-CH- C 
, . I 
N 
o 0 
e 11 11 
-+ N-C-CH-C- - - - - (38) 
+ 
I I 
e 
N-
I 
- - - - (39) 
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These keto amides can undergo base catalysed condensation 
reactIons which produce water. 
o 0, 
11 11 
c- Cl-l-C-N\-\ 
I 
+ 
o 0 
It 11 
-N\-\-C- CH-C-
I 
> 
o 
I " 
- C=C-C-NH--, 
o 0 
11 \I 
N-C-c\\-C-
I 
+1-1 0 - - - - (40) 2 
The >later produced' may then hydrolyse the ketoar.1ides or imides 
to acids 
o 0 
11 11 
-C -CH-C-NIi-
I 
";" 
o 0 
\I 11 
-C-CH-C-oK + NHz.-
I 
- - - - (41) 
f3 keto 'acids are unstable and decompose to ketonesby liberating 
carbon dioxide. 148 ,149 
o 0 
11 \I 
- C-C\-\-C-O\-\ - - - - (42) 
I 
The water a.nd carbon dioxide, in the presence of excess base, 
can form sodium carbonate which has been found during the 
polymerisation of polycaprolactam at high catalyst concentrations. 143 
The amount found increases .,i th increasing catalyst concentrations 
and this consumes more and mo'''e catalYGt. The degradation 
reactions 36 and 37 \"ill decrease I<i th a decrease in the catalyst 
concentration. Polymer deGradation reactions may also increase as 
the basicity increases because the dinsociation of catalyst is decreased. 
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APPENDIX n. 
POLYCAPROLlIC1AE-POLYSULPHONE COPOLYHEHS PllEPAlllilJ. 
TABLE 1. 
E SERIES POLYSULPHONE CATALYST % POLYSULPHONE 
No. CONCENTRATION CONC};iIrRATION IN FINAL TEST. 
(95 BY lIEIGh'T) (HOLE 5.0 POLnCER 
E1 5·0 1.01 4.99 COHVERSIONS ETC. 
E2 5.0 0.93 5·02 IHPACT 
E3 5·0 1.04 5·02 TENSILE 
EI+ 5.0 1.00 5·01 TENSILE 
E5 5.0 0.96 5.01 T);;NSILE 
E6 5.0 ·0.95 4.97 IHPACT 
E7 5.0 0.93 4.98 IHPlICT 
E8 5.0 0.93 5.02 CONlfiRSIONS ];'TC. 
E9 5.0 1.02 5.00 TENSILE 
E10 5.0 0.98 4.99 Il1PACT 
E11 5.0 0.93 5.00 IJ.;f> 1I(,'T 
E12 5.0 0.97 5·03 HlPlICT 
E13 5.0 1.03 5·0 HlPlICT 
TABLE 2. 
F SERIES rOLYSULPHONE ClITALYST 56 POLYSULPHONE 
No. CONCENTRATION CONCENTRATION IN FINlIL TEST 
(9~ BY 11LIGliT) (Jt,OLE 9n POLY11ER 
F1 10.0 1.01 10.01 TENSILE 
F2 10.0 0.96 9.95 TENSIIJE 
F3 10.0 1.04 10.00 IJ.;f>lICT 
F4 10.0 1.01 10.02 IHPACT 
F5 10.0 0.99 10.01 I1PACT 
F6 10.0 1.00 9.97 Il1PAGr 
F7 10.0 1.05 10.00 HlPACT 
F8 10.0 0.99 10.02 IHPACT 
~'9 10.0 1.02 9.99 IHPACT 
F10 10.0 0.97 10.00 Cmi\'ERSIONS ETC. 
F11 10.0 0.99 10.02 TENSILE 
, 
F12 . 10.0 0.97 10.02 TENSILE 
F13 10.0 0.97 9.99 CONVEHSIOIlD lirC. 
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TABLE 3. 
G SERIES POLYS1JLPllONE CA1.I ALYST 5$ POLYS1JLPJIOilE 
No. COnCEN1'HATION COnCENl'HNfION IN FIlIAL TJ~S~ .. (% BY ,ILIGHT) ( "0Ll" c') POLY1TI:;H 1'.1. :~;;) 
G1 15.0 1.01 14.99 nnJACT 
G2 15.0 1.00 14.93 CorlVEHSIUNS mc 
G3 15·0 0.97 15.00 Tr~!mILE 
Glf 15·0 1.01 11,.96 TENSILE 
G5 15.0 0.98 15·02 TEtlSILE 
G6 15·0 0.96 15.01 I!f:PACT 
G7 15.0 1.03 15.02 HlPACT 
G8 15.0 1.00 15.08 TI;!,SILE 
G9 15.0 1.01 15.00 COHV'L:HSIONS ETC. 
G10 15.0 0.99 15.00 IEPACT 
G11 15;0 0.99 15.03 IHPAC'f 
G12 15.0 0.99 15.02 IllPACT. 
TABLE 4 
l! SERIES POI,YSULPHONE CK.'ALYST % POL YSULPl!ONE TEST No. CONCEUTRATIO!"r CotlCElll'HATIOIl IN FINAL 
(76 BY IJEIGHT) (HOLE %) POLY~:E;R 
Hi 500 2.01 4.99 DlPACT 
H2 5.0 1.98 If.99 UlPACT 
l!3 5.0 2.00 5.00 TENSILE 
l!4 5.0 1.97 4.97 TENSILE 
l!5 5 0 0 1.98 5.00 IHPACT 
l!6 5.0 1.95 If.98 TENSILE 
l!7 5.0 2.00 5.03 CONVEI,SIONS ETG 
H8 5.0 1.98 5.00 UlPAGT 
H9 5.0 1.97 4.99 HIPACT 
H10 5.0 2.00 4.98 TF~NSlLE 
1111 5.0 1.99 4.98 HlPACT 
H12 5.0 2.01 4.99 Cor:V?RSIOlJS ETC. 
H13 5.0 1.98 4.99 I1lPACT" 
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TAr~Lr~ 5. 
J SEHIES POLYSULPHON.E CATALYST ~; POL YSULPHO HB 
No. CONCElIl' RAT IC!I CONCENTRATION IN FINAL TEST 
(7$ BY V/EIGHT) (HOLE %) POLY}rr;H 
J1 10.0 1.98 9.98 TEITSILE 
J2 10.0 2.03 10.01 H:l'ACT 
J3 10.0 1.99 9.99 II'PACT 
J4 10.0 2.01 10.00 rl·::?ACT 
J5 10.0 2.05 10.04 TEliSILE 
J6 10.0 1.96 9.97 TENSILE 
J7 10.0 2.03 9.99 IEPAcr 
J8 10.0 1.99 10.02 COr;l.r:sRSIO~~S me. 
J9 10.0 1.98 9.99 COl;V1~?,SIC':-~S ETC. 
J10 10.0 2.02 10.00 TBNSILE 
J11 10.0 2.01 10.00 WPACT 
J12 10.0 2.03 9.98 n1'ACT 
TABLE 6. 
K S:RIES POLYSULPHOHE CATALYST 5; POLYSULPHOliE 1'1:S1' No. CO!:Cr:l\THATION COllCElfrHf,TION IN FIliAL 
(% BY 'liLIGHl') (!.J1Lli~ 56) POLYHER 
K1 10.0 0.99 9.99 COHVERSI01:S ETC. 
K2 10.0 1.01 10.02 CONVEHSIONS ETC. 
K3 10.0 1.02 10.04 TEI:SILE 
K4 10.0 1.02 10.00 TEIlSILE 
K5 10.0 0.97 10.01 TENSILE 
K6 10.0 1.02 10.01 IEPACT 
K7 10.0 0.98 10.03 HPACT 
K8 10.0 1.00 10.01 TENSILE 
K9 10.0 1.03 9.99 ILPAC1' 
K10 10.0 1.00 10.04 U1PAC,T 
K11 10.0 1.00 1.0.02 HPACT 
K12 10.0 0.99 10.02 I1:PAC1'. 
----~-- l 
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I 
APPENDIX In. 
~E.1. 
POLYCAPROLACTAM l!Qt.:OPOLYHERS PREPARED. 
, SERIES CATALYST COCATALYST 
I NO. GONCBHfRATION CONCENTRATION TEST 
I 
(HOLE %) (mLE ~G) 
N1 1.02 0.10 CON'J};HSIONS 
N2 1.01 0.11 HPACT 
N3 0.99 0.11 HIPlICT 
N4 1.03 0.11 UiPlICT 
N5 0.98 0.10 Tl~NSILE 
N6 0.98 0.11 TEnSILE 
N7 1.01 0.10 TEl!SILE 
N8 1.00 0.11 IEPACT 
P1 2.04 0.11 COtlVJ::HSIOl;S 
P2 1.98 0.11 HlPACT 
P3 1.98 0.11 HlPACT 
p4 1.98 0.11 'fEtlSlLE 
P5 2.01 0.11 IHPACT 
P6 1.99 0.11 IFPACT 
P7 2.01 0.11 TENSILE 
Q1 1.02 0.21 'l'E!ISILE 
Q2 1.02 0.21 HlPlICT 
Q3 1.00 0.21 COlIVERSIONS 
Q4 0.98 0.21 TENSILE 
0,5 0.99 0.21 HlPACT 
Q6 1.02 0.21 HiPACT 
Q7 0.98 0.21 HlPACT 
R1 1.99 0.21 TENSILE 
R2 2.03 0.21 IEPACT 
R3 2.01 0.21 Tl~NSlLE 
H4 2.03 0.21 HlPACT 
R5 1.98 0.21 CONVLit5ICNS 
R6 1.99 0.21 HlPACT 
R7 2.02 0.21 IHPACT 
SEP.IES 
NO. 
S1 
S2 
S3 
S4 
S5 
s6 
T1 
T2 
T3 
T4 
T5 
T6 
U1 
U2 
U3 
U4 
U5 
V1 
V2 
V3 
v4 
---------------------------------
TA3LE 2. 
POLYCAPHOLACTAH-POLYSTYRENE POLYHEH BLENDS PREPAHED. 
% POLYST'YITh;Ng CATMYS1' 
IN HNAL CONCENTRATION 
POLYHElI (j',OLE ~;) 
4.98 1.00 
4.96 0.97 
4.99 0.99 
4.99 1.00 
5.00 0.99 
5.00 1.01 
4.95 1.97 
4.96 1.98 
4.97 2.00 
4.99 1.98 
4.97 1.95 
4.96 2.00 
9.98 2.03 
9.96 1.99 
9.96 2.02 
9.95 2.00 
9.95 2.01 
15.07 2.02 
14.95 1.98 
15.04 2.04 
15.08 2.05 
COCATALYST 
CONCENTRATION 
(HOLE 55) 
0.11 
0.11 
0.11 
0.11 
0.11 
0.11 
0.22 
0.22 
0022 
0.22 
0.22 
0.22 
0.23 
0.23 
0.23 
0.23 
0.23 
0.25 
0.25 
0.25 
0.26 
TEST 
TEr~SILE 
IlIPACT 
I HPACT 
CONVEHSI01{ 
IHPACT 
nIP;,CT 
COllVElISION 
TENSILE 
rr··:PArJr 
H':PACT 
I LPJ\CT 
IlPACT 
nIPACT 
n:PACT 
TENSILE 
TEIlSILE 
CONVERSION 
1'ENSlLE 
IHPACT 
CONVEHSION 
IEPACT. 
SERIES 
NO. 
1'l1 
1;12 
H3 
\,4 
\;5 
vl6 
Xi 
X2 
X3 
x4 
X5 
x6 
Y1 
Y2 
Y3 
Y4 
Y5 
Y6 
Y7 
Z1 
Z2 
Z3 
z4 
Z5 
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TA3LF. 3. 
POLYCAPROLACTAH - Il1PA8T STYREllZ POI,YHER BLENDS PHEPARED. 
%IHPACT STYREI,E 
IN FIliAL POLYNER 
5·00 
5.01 
5.01 
4.97 
5.00 
4.96 
5·01 
5.02 
5.02 
5.05 
5.05 
5.02 
10.03 
10.05 
10.02 
10.04 
10.01 
10.01 
10.00 
15.01 
14.96 
14.92 
11+.99 
14.95 
CATALysrr 
conCENTRATION 
(I,;OLE 56) 
1.02 
0.96 
1.00 
0.99 
0.99 
1.00 
2.01 
2.01 
2.02 
2.02 
2.03 
2.01 
1.99 
1.98 
2.00 
2.02 
1.99 
2.00 
1.99 
2.00 
1.98 
1.98 
1.99 
2.03 
COCATALYST 
COHCE~{.rRATrON 
(HOLE %) 
0.11 
0.11 
0.11 
0.11 
0.11 
0.11 
0.22 
0.22 
0.22 
0.22 
0.22 
0.22 
0.24 
0.24 
0.24 
0.24 
0.2/+ 
0.24 
0.21+ 
0.25 
0.25 
0.25 
0.25 
0.25 
TEST 
TEIISILE 
IKPACT 
COHVERSION 
HPACT 
IJ·~A~ 
I!l'ACT 
TEJ;SILE 
CONVERSION 
I EPACT 
IEPACT 
UIPACT 
Il;PACT 
TENSILE 
I EPACT 
Il-lPACT 
TLr:SILE 
n;l'ACT 
HlPACT 
COllVERSIOlI 
Il-;PACT 
IEPACT 
TEllSILE 
TEllSlLE 
CONVE!~SIO;'! 
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TABLE 4. 
S.B.S. T!lEm:OPLAS'l'IC RUBllER - POLYCAPROLACTAr1 POLnU;H BLENDS PHEPAHED. 
SEllIES 
NO. 
AA1 
AA2 
AA3 
AA4 
AA5 
BB1 
BB2 
BB} 
BB4 
BB5 
CC1 
CC2 
CC3 
cc4 
%Tm;HNOPLASTIC 
F:UBBEH IN 
FINAL P01¥t1EH 
5.08 
5·02 
5.05 
5.09 
5·10 
10.10 
10.06 
10.06 
9.96 
10.0.1 
15.09 
15.05 
15.03 
14.96 
CATALYST 
CONCEt·/fRATION 
(HOLE %) 
2.02 
1.99 
2.00 
2.02 
2.05 
2.04 
2.05 
1.98 
2.00 
2.03 
2.05 
2.02 
2.06 
2.00 
COCATALYST 
CONCMITHATION TES'f 
. (r·mE%) 
0.23 HiP ACT 
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0.24 HPACT 
0~24 HIPACT 
0.24 TENSILE 
0.24 TENSILE 
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0.26 H'PACT 
0.26 HIPACT 
0.26 CONVERSION 
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